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Abstract
One-dimensional nanomaterials have many useful properties for the development of future 
electronic devices. Single walled carbon nanotubes (SWCNTs) and nanowires (NW) exhibit excellent 
charge carrier transport characteristics and are efficient for electronic conduction as both 
semiconductors and conductors in thin films. With this change of materials comes an opportunity to 
also change device production techniques. Printing offers a fast and easy method for the deposition 
of materials for electronics, but printing systems require solutions of materials to act as inks. One of 
the main barriers to using carbon nanotubes (CNTs) in the field of printed electronics is the problem 
of creating reproducible films due to the poor dispersion in typical solution deposited CNT films. This 
random orientation of CNT within the film leads to a loss of charge carrier mobility as it is difficult to 
produce a conjugated path between electrodes and so charge carriers have to 'Jump' the gap 
between neighbouring tubes. Two routes have been investigated as a part of this project to solve 
these problems.
Firstly, composite films of CNT and polymerisable conjugated liquid crystals (LC) have been 
fabricated, which use the self assembly and crosslinking properties of the LC to create an aligned 
array of CNT in a semiconducting polymer. This is the first time this route to aligned, patterned 
composite semiconducting films has been performed and we have shown that this method provides 
an increase in conductivity and mobility of three orders of magnitude over a pure LC or CNT film. The 
fabrication of semiconducting field effect transistor devices has been achieved for the first time with 
such a composite system with the result of mobility increases of three orders of magnitude and a 
60 % increase in the reliability of the device fabrication process over unaligned SWCNT films.
Secondly, a functionalisation/ defunctionalisation system has been developed for SWCNTs to allow 
the effective solution deposition of thin films of CNTs while being able to recover the original 
electronic properties of the tubes. This defunctionalisation process adds an octadecylamine 
functional group for solubilisation and then uses a 200°C anneal process to remove the group after 
thin film deposition. The use of this process creates a decrease of five orders of magnitude in the 
sheet resistance between un-annealed and annealed films. Evidence is also presented to show that 
the defunctionalisation process has an effect on the number of defects on the SWCNT walls. Finally, 
potential mechanisms for this process are discussed. The process developed in this work takes places 
at far lower temperature, pressure and less caustic chemical conditions that any previously reported 
system for the removal of functional groups and healing of defects in CNT.
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1. Introduction
1.1 What is self assembly in electronics?
To investigate the idea of self-assembly in electronic systems a definition of what exactly counts as a 
self-assembly technique in electronics is needed. The general definition of self-assembly is "the 
spontaneous formation of a material or structure in a medium containing the appropriate 
components'll]. This definition is highly flexible, as has been noted in academic discussions of how 
to define the field within the engineering sciences[2].This flexibility leads to difficulty in deciding 
what can really be defined as self assembly. For the purposes of this project the following section 
will give some background and examples of a more relevant definition of self-assembly for 
electronics, before going on to show how self-assembly techniques fit in with the current 
methodologies used for electronic device production.
The routes to creating electronic devices can be broadly split into two main approaches: top down 
and bottom up. The best analogy for top down techniques is the process of sculpting in art. The 
designer starts with a macro scale block of semiconducting material and either cuts down into it or 
coats new layers over it to create the final device architecture. In contrast the bottom up regime 
relies on the use of atomic or molecular building blocks to construct a device in the same manner as 
a wall is built up from individual bricks. Even though the top down approach has historically been the 
most efficient way to mass-produce electronic devices, our increasing expertise in the control of 
systems on the nano scale is allowing for the improvement of our control of bottom up techniques. 
This increased control has allowed the development of bottom up device production techniques to 
the point where they should soon be able to compete as viable methods for mass production.
Whilst the top down approach to device production needs constant interaction from the 
manufacturer, the bottom up regime allows for the integration of the natural growth and 
organisation mechanics of the materials to be used to automate steps in the production process. So 
this is the first element of the definition of self-assembly for electronic systems: a self assembled 
system uses the natural organisational properties of a material to simplify the fabrication process. 
This part of the definition is highly similar to the broad definition mentioned earlier but does not 
help to make the field more clearly defined.
Any system that is created by a chemical method can thus be described by the above definitions as 
their growth mechanism is a natural property of the elements that produce them. Due to this we can 
also suggest that the self assembly mechanism needs to produce a desired and tuneable structure.
That is to say an interaction on the macro scale can produce a desired order on the micro or nano 
scale. An example of this is the use of an alternating electronic field to promote nanoscale alignment 
in dielectrophoresis[3], which will be described in more detail in the next chapter.
1.2 Advantages of self assembly
Self assembly of nanostructures and materials allows for a simplified approach to manufacturing and 
processing. Bottom up processing without the utilisation of self assembly would only be useful for 
linear structures of layered materials without any further structure, or every part of a system would 
have to be placed by a probe capable of nano-manipulation such as an atomic force microscope 
tip[4]. The use of a nano-manipulation system allows for high accuracy of unit placement but is only 
really suitable for one off or batch production as it is labour intensive and difficult to automate. The 
introduction of the types of self assembly outlined above allows structuring in multiple dimensions, 
depending on the natural organisational tendency of the materials being used. Thus self-assembly 
allows for bottom up processing techniques such as printing (Figure 1.1) to be used for large scale 
production rather than the smaller scale of nano-probe techniques.
Figure 1.1: Roll to roll printing system for organic electronics [5].
The use of self-assembly techniques for electronic device production allows for great flexibility in 
terms of device production techniques. Traditional methods for producing electronic devices such as 
UV, electron beam and imprint lithography can be used in conjunction with self assembly materials 
that create ordered films. This allows production facilities that already exist to be relatively easily 
modified for the new materials. However, the solution processing capabilities of many self-assembly 
processes allows for new deposition and device production techniques such as inkjet and roll to roll 
printing. Self-assembly techniques also allow for the simplification of multiple step patterning 
processes by reducing the user input in the film formation stages. One of the greatest advantages of
printing technologies over typical top-down fabrication such as complementary metal-oxide- 
semiconductor (CMOS) processing is the removal of the need for vacuum-based processes, which 
limit the maximum device areas that can be deposited. Photolithographic processes also use 
particularly environmentally unfriendly chemicals for developing, stripping and etching stages. 
Printing, on the contrary, is an additive process that is not limited by area, and uses significantly less 
chemicals due to its additive nature. Many of the materials being researched and implemented for 
self-assembled electronics applications also exhibit optical transparency and mechanical flexibility. 
These properties are in high demand for many modern applications in consumer and sensor 
electronics.
1.3 Applications of Self Assembly Systems
As has been mentioned previously, self-assembly techniques for electronic devices allow for novel 
device fabrication techniques, and allow control over processes in a bottom up manner. As such, 
materials that allow for self-assembly while also exhibiting desirable charge carrier properties and 
semiconducting properties are in demand for microelectronics. Currently, much of the interest in 
self-assembling materials is confined to academic and research and development communities. 
There are a lot of fields of research that are moving towards self assembly techniques to improve 
processes. In this section the applications described will be limited to those that directly enter the 
field of electronic engineering. Although it will not be covered in this thesis, it should be noted that 
self-assembly has been an important research area in biological systems for many years and self­
assembling materials are also of great interest in materials science, mechanical and civil engineering.
The environmental and economic costs of using fossil fuels are becoming an ever bigger issue. Due 
to this fact one of the largest challenges the electronic engineering field faces in the coming years is 
the generation and storage of energy from renewable sources. The application of self assembly 
technology in this area allows for the creation of high power density capacitors by the construction 
of ultra-high surface area films for energy storage [6]. This allows for the storage of electrical energy 
generated at low demand times for release at a later stage during peak hours. Self assembly 
techniques are also involved in the production of cost efficient replacements for rare materials such 
as indium tin oxide in transparent contacts. The application of self assembly techniques allows for 
transparent contacts made up of high conductivity materials such as gold nanoparticles [7], which 
can be printed over large areas paving the way for large area solar panels. These technologies are 
also highly applicable to display applications and are starting to be integrated into devices such as 
mobile phones and large-scale organic light emitting diode (OLED) televisions.
In the area of photonics the use of self assembly has allowed the development of low cost lasing 
devices [8]. These devices have a direct impact on the development of photonic computing 
applications where information is processed in a chip by optical components rather than electronics
[9]. Beyond these direct applications of self-assembled systems the addition of self assembled 
fabrication techniques could make the production of low cost, flexible thin film devices easier and 
cheaper. As this progress occurs, the use of self assembly in the production of conformai sensors and 
tags (such as near field communication devices) would become increasingly important.
The final application of self assembly techniques that will be discussed here is in the development of 
organic electronics. Many organic electronic materials can be deposited as self-assembling 
monolayers (SAMs), which are created by the additive assembly of molecular building blocks into 
single-molecule thick layers. The construction of films by self assembly methods is particularly 
attractive due to the self limiting nature of the process. As there is a set orientation in which the 
building blocks will combine, the film will stop growing once the molecules can no longer orient 
themselves in that direction. For a clearer visualisation of this effect see Figure 1.2, which shows the 
growth of an octadecyl trichlorosilane SAM. The inclusion of this SAM as an interstitial layer on 
contact interfaces between metallic gate and semiconducting materials has been shown to produce 
a nano-scale gate dielectric layer [10].
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Figure 1.2: self assembly route for octadecyl trichlorosilane into a self assembled monolayer on a 
glass substrate [10].
Depending on the molecular structure and energy levels of a SAM film its application within organic 
electronics can change. If the SAM molecular structure includes a conjugated core, and electronic 
energy levels produce a small band gap then the film will display semiconducting characteristics that
allow for the formation of devices such as thin film transistors[ll] or these properties can be utilised 
in the active layers of devices such as organic photovoltaic or organic light emission devices.
1.4 Contribution to the field of self-assembly
The field of self assembly for electronic devices is relatively new and has been slowly building in 
importance with the increasing commercial viability of molecular electronics. The particular areas of 
this field that the work presented here fits into are the creation of self assembling composites with 
one dimensional nanomaterials and the production of low temperature carbon nanotube (CNT) 
processing systems.
The aspect of research that focuses on composites, builds on previous work in the production of new 
semiconducting liquid crystalline materials[12-14] and work with composites of insulating liquid 
crystalline materials with metallic CNTs [9,15-17]. The combination of semiconducting reactive 
mesogen liquid crystals with single walled carbon nanotubes to create metallic and semiconducting 
aligned systems had not been attempted before this project. The work outlined in Chapters 4 and 5 
documents the development of the first reactive mesogen-CNT field effect transistors and the 
improvement of their crosslinking resolution by electron beam lithography. Although these 
transistors do not display record charge carrier mobility for CNT composite transistors, they do allow 
easily printed devices from solution and the selective alignment and crosslinking of patterns in close 
to ambient conditions.
The second aspect of the research in this thesis focuses on the functionalisation and 
defunctionalisation of carbon nanotubes with octadecylamine to facilitate solution processing. Much 
research has been performed previously into the functionalisation of CNT with various chemical 
groups to improve solubility [18-22]. However, it has also often been noted that the addition of 
functional groups to the CNTs can cause adverse effects to their electronic properties [23-25]. The 
obvious solution to this problem is to develop a system that removes functional groups from the 
CNTs after deposition. This is difficult due to the strength of the covalent bonds that are created 
during functionalisation, which mean very high temperatures and pressures or strong chemicals are 
required for clean group removal [26]. The system for defunctionalisation outlined in Chapter 6 can 
operate at temperatures and pressures that are suitable for printing technologies and do not rely on 
the use of corrosive chemicals. There is also evidence that the defunctionalisation process acts as a 
catalyst for the healing of vacancy and non-hexagonal ring defects at temperatures and pressures far 
lower than those reported before. The films that are produced by the process developed in 
Chapter 6 are insoluble in common solvents, have exceptionally high transparency in the visible
range and exhibit a five order of magnitude increase in conductivity against functionalised CNT films. 
The sheet resistances recorded for these films are in the order of hundreds of ohms per square over 
9 cm  ^areas, which is comparable to prior art with CNT film but over far larger areas[20,27,28].
1.5 Structure of this thesis
This thesis describes three main areas of research that come together to form this project. The 
following two chapters will cover the prior art and background theory of self assembly for 
nanomaterial alignment and the analysis techniques that will be used in the project. The next three 
experimental chapters each outline one area of research. Each of these chapters covers the 
background, experimental methods, results and analysis of one of the main research areas. The first 
of these experimental chapters (Chapter 4) describes the synthesis, structural analysis and testing of 
physical properties of liquid crystalline semiconducting oligomers. The next (Chapter 5) outlines the 
use of the materials produced previously to make metallic and semiconducting aligned composites 
with carbon nanotubes. The final experimental chapter (Chapter 6) describes the production of self- 
healing transparent functionalised carbon nanotube conducting films. Each experimental section will 
be briefly summarised and then the three areas will be brought together and discussed as a whole in 
the final chapter. Finally, ways to expand on the work presented in this thesis will be outlined.
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2. Current Technology
This chapter will cover the current state of the art for self assembly and alignment in nanomaterial 
devices. As well as the properties of the materials used for the production of self assembled devices. 
It will start with a brief description of the different self assembly techniques currently used with 
nanomaterials along with their relative strengths and weaknesses. This will be followed by a more in 
depth discussion of the systems used in this research. The properties of liquid crystalline materials 
and nanomaterials will be described and their application to this work will be explained.
2.1 Self-assembly growth routes to nanomaterial alignment
Much research has been performed into bottom up approaches to making aligned arrays of
nanomaterials. There are two main streams of this research that will be discussed here. The first is 
the in situ self assembled growth and alignment of wires and tubes. The second is the post growth 
solution process of self assembled aligned layers, which will be addressed in section 2.2.
2.1.1 In-situ growth of aligned nanomaterials
The advantages of in growth alignment are in the use of a single process to produce layers. This 
means that pre-prepared substrates can be processed further to build devices over the assembled 
layers. There are several routes to the growth of nanowires and tubes. These can be grouped into 
three main types: vapour-liquid-solid, liquid-solid and vapour-solid. The names of these groups refer 
to the way in which the building blocks approach the substrate to form together into structures. The 
following subsections will handle each of these growth types in more depth.
2.1.2 CVD self-assembly (Vapour-liquid-solid)
An example of vapour-liquid-solid growth is the chemical vapour deposition (CVD) growth of carbon 
nanotubes (CNT) [1]. The CVD growth process is one of the most commonly used methods for the 
production of CNT. The reasons for this are the technical simplicity of the process and the amount of 
variables that can be changed to affect the quality of the tubes produced. CVD growth uses 
precursor hydrocarbon gas, such as acetylene, and breaks it down by heat at the substrate surface to 
produce free carbon. The carbon atoms diffuse across the surface until they reach a catalyst particle 
where they begin to form a graphene tube structure. There are two main modes of growth from this 
point in the process. There is continuing argument as to the mechanism of each mode and the 
conditions that decide which mode dominates the growth. The first mode is tip growth, where the 
growth of the tube starts at the tip and the catalyst material is lifted up from the substrate. The 
second is base growth, where the tube walls grow from the top of the catalyst particle, leading to a 
stronger adhesion with the substrate due to the catalyst bonding. See Figure 2.1 for a schematic of
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these mechanisms. Both of these growth methods rely on a catalyst to initiate the bonding of carbon 
into a graphene wall structure rather than just an amorphous layer on the substrate. The catalysts 
commonly used are metal oxides and chlorides, by changing the positioning and geometry of these 
particles the density and alignment of the film can be altered.
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Figure 2.1: Tip and base growth routes for carbon nanotubes by chemical vapour deposition (CVD), 
image from [1]. (a) Catalyst particle on the substrate attracts carbon atoms from the decomposition 
of precursor hydrocarbons on its surface, (b) and (c) as the carbon atoms saturate on the catalyst 
particle they diffuse through the solid to form a tube structure underneath it and lift it from the 
substrate this is defined as tip growth, (d) and (e) the carbon atoms diffuse only across the catalyst 
surface and grow a tube structure upwards from the catalyst; this is defined as base growth.
An ordered array of CNT can be obtained by depositing a thin metal film on a silicon substrate. When 
the substrate is heated the thin film will split into small particulates that have an average diameter 
dependant on the metal's wetting coefficient with the substrate. There will be a roughly constant 
distance between these catalyst points due to the way the metal flows across the substrate surface. 
This method gives a self-assembled ordered array of catalyst particles that will promote growth in 
the same pattern. Figure 2.2 shows an SEM image of a CNT forest created by this method.
Figure 2.2: A highly ordered forest of carbon nanotubes grown by a CVD mechanism from an 
aluminium oxide catalyst. Image from [2].
There have been many refinements to the CVD method since it was first used for nanomaterial 
growth by M. Endo's group in 1993[3]. One of the most notable developments of this growth system 
uses a chloride catalyst[4] and the method detailed above to improve on the regularity of the CNT 
array. Much experimentation has also been undertaken into using UV and electron beam lithography 
for the patterning of the catalyst particulates with the aim of further improving the regularity and 
pattern of nanomaterial arrays. These improvements to the method are generally successful. 
However, it is arguable whether a method with these additional steps still counts as a self-assembled 
system due to the complexity of design added in making the catalyst array.
2.1.3 Electrochemical growth (Liquid-solid)
An example of the liquid-solid route to nanomaterial self assembly is electrochemical growth of 
inorganic nanowires. This method uses a solution containing the materials needed to produce 
nanowires into which two electrodes are placed. One of these electrodes is attached to the 
substrate and a potential is applied between them. The mechanism for this growth is similar to 
electroplating and the orientation of the wires produced depends on the orientation of the electric 
field between the electrodes. Figure 2.3 give a schematic of this growth process along with an image 
of some vertically aligned cadmium sulphide nanowires produced on anodised aluminium substrates 
using this technique.
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Figure 2.3: (a) and (b) TEM images of aligned cadmium sulphide nanowires produced by 
electrochemical deposition, from [5]. (c) Experimental set up for electrochemical growth with 
nanowires forming on the aluminium electrode.
2.1.4 Arc discharge (Vapour-solid)
Arc discharge is an example of the production of CNT by a vapour-solid mechanism. In this system 
the precursor material is in the form of a carbon gas and a large electric field is produced between 
the substrate and an electrode. The carbon gas forms plasma which then settles carbon atoms on 
the surface where they grow in a similar manner to those in electrochemical growth. Figure 2.4 
shows a schematic of this type of growth system. Arc discharge was one of the first methods for the 
production of CNTs and is a very simple system which can generate CNTs in large volumes for a 
relatively small input of resources. Its disadvantages lie in the poor purity of the final product due to 
the large amount of amorphous carbon produced and the low specificity of diameters. This method 
is generally more suitable for the production of multi-walled CNT (MWCNT).
In the early days of this growth process the CNT were produced between two point-like electrodes 
and the resultant powder was collected and purified. Obviously this did not allow for any self 
assembly of alignment as there was no direction to where the CNT would finally land. More recently 
the use of different system geometries has allowed for the use of catalysed substrates to direct the 
final positioning of CNT[6].
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Figure 2.4: (a) Schematic illustrating the formation mechanism of the aligned CNTs. The lines 
between the electrodes represent conceptual electric field, (b-d) growth process of bamboo-like 
CNTs in the area marked (I) in image (a). Scheme from [6].
2.1.5 Strengths and weaknesses of in-situ aligned growth
In-situ aligned growth of nanotubes and wires allows for a relatively rapid production of aligned 
films. The combination of the nanomaterial growth and alignment stages allows for cost and 
equipment savings, and generally gives a highly uniform alignment direction and spacing. However, 
all of the techniques for growth alignment described above rely on the use of high temperatures, 
pressures or electric fields. This means that it is generally incompatible with processes such as 
printing that are ideally performed under close to ambient conditions. Also the alignment direction 
for materials produced by in growth alignment techniques is almost always in a se mi-vertical 
direction, with one of the wire ends in contact with the substrate and the other pointing upwards. 
This limits the device architectures available to be used in conjunction with these methods. Some of 
these problems can be solved by the hybrid methods described in the following sections that seek 
deposit aligned layers of nanowires or tubes by a variety of transfer processes.
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2.1.6 Roll transfer printing
One of the challenges with aligned growth of nanowires and tubes mentioned earlier is the 
limitation of device architectures due to the vertical alignment of as grown materials. This can be 
improved by a process called roll transfer printing, which has mostly been used for nanowire 
systems. In the simplest case the growth of nanowires is performed on a cylindrical bar with a low 
surface affinity for the nanowire materials[7]. This bar is then used in a slip rolling system that uses 
light pressure to roll over a substrate surface which has been treated to have a strong affinity to the 
nanowires. As the nanowires transfer from the bar to the surface they are also being pushed along 
into an aligned array. Figure 2.5 shows a schematic of how this system works. The great advantage 
of operating in this manner is that the wires can be given an orientation dependant on the rolling 
direction and are set up to be manufactured into devices with a more traditional horizontal 
architecture. To improve the degree of structure control in this system the surface pre-treatment of 
the substrate can be patterned so that the wires will only be attracted to the surface in desired 
positions. This should allow for the deposition of semiconducting channels in well-defined positions 
and so the step of adding contacts would become more reliable in automated processes.
roller 
with NW 
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NWS
Figure 2.5: (a) and (b) set up of a slip rolling system, (c) SEM image of Germanium nanowires 
horizontally aligned on a silicon substrate by roll printing. Images from [7].
A second improvement to roll transfer printing is stamp transfer printing. This mechanism uses a 
roller and a polydimethylsiloxane (PDMS) stamp to transfer vertically aligned nanowires or tubes
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from their growth substrate to a PDMS stamp. As in the previous method this transfer changes the 
alignment from vertical to horizontal. The stamp can then be used with the roller to deposit the 
horizontally aligned material to another substrate. In this process patterning can be produced by 
changing the size and shape of the PDMS stamp[8].
These methods have been shown to give a very high degree of alignment. However, for the most 
uniform films the spacing between the as grown tubes must be large enough to allow the material to 
lay flat in the alignment direction. This leads to large potential steps between tubes and so acts as a 
limiting step for the conducting properties of the final film. In the case where the spacing between 
tubes in the alignment direction is smaller than the typical tube length the crossover between tube 
ends will create a small tilt angle between the tubes and the substrate. As the pattern is very regular 
this tilt angle will generally be the same across the whole film. This uniformity allows the amount of 
crossing points between to be predicted relatively easily and so the optimum tube separation to 
maximise inter-tube conduction can be predicted fora material.
2.2 Post growth nanomaterial alignment methods
One of the major problems with in self assembled growth alignment is the high temperatures, 
pressures and corrosive chemicals needed to enable the growth process. These extreme conditions 
reduce the options for the materials and methods that can be used in device construction. The ideal 
solution to this is to find solvent based alignment and assembly techniques. There are several 
methods outlined in the following sections ranging from dip and flow coating methods to more 
complex systems that interact with electronic and magnetic fields.
2.2.1 Dip, laminar flow and spray coating with substrate functionalisation
Dip and flow coating are the simplest versions of substrate coating beyond just drop casting material
onto it. The basic idea of these systems is to create a solution containing the desired nanomaterials 
and either dip the substrate in or run the solution over the substrate. As long as there is sufficient 
adhesion between the nanomaterials and the substrate they will adhere in the rough direction of 
the solvent motion with respect to the substrate[9] due to shear forces at the solvent-substrate 
interface. Spray coating uses a similar solution of nanomaterials but then uses an aerosol spray to 
deposit the solution on a substrate[10]. If the spraying angle is between 20 and 60° from normal to 
the substrate then the nanomaterials can be aligned by the friction forces of the spray droplets 
hitting the substrate. These systems wouid not generally be considered to be a self assembly 
method but when used in conjunction with seif assembled monolayers they allow for the easy 
deposition of self assembling structures.
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A self assembled monolayer (SAM) is composed of a layer of molecules a single layer thick that form 
into a highly ordered structure by a self assembling mechanism similar to that discussed in previous 
sections. The typical terminal groups for a SAM material on silicon substrates are trichlorosilanes. In 
these materials the three chlorine atoms can easily be replaced by floating bonds on the substrate 
surface. The chemical structure of the terminal groups of the silane molecule can then be chosen 
such that it has an effect on the surface properties of the substrate. For example the commonly used 
octadecyl trichlorosilane (ODTS) can be used to create highly hydrophobic regions on a 
substrate[ll-13] thus allowing materials deposited by dip and flow coating to only deposit on non- 
SAM regions.
A SAM can be selectively deposited on the substrate by traditional methods such as lift off 
lithography[14] or more modern systems for electronics such as contact printing[15]. Due to the 
lower decomposition thresholds of SAM materials in comparison to nanotubes and wires in solvents, 
the SAM can be removed after the nanotubes have been deposited in the desired positions by a 
solvent wash. However, the largest challenge in this area of self assembly is the production of 
suitable SAM-solvent systems that allow the post film production removal of the SAM layer without 
damaging the nanomaterial film.
Alternatively the surface coating material can be chosen such that a matching molecule added to the 
nanomaterial can bond through a 'click chemistry' reaction. An example of this is the 
semiconducting single walled carbon nanotube (sSWCNT) channels created by Park et al.[16]. This 
system uses a surfactant treatment to the CNT and an iodide monolayer on the substrate surface to 
selectively attract and anchor sSWCNT in high density channels on the substrate surface. The use of 
a click chemistry approach means that lower energy systems can be used to promote the self 
assembly of CNT on a substrate.
2.2.2 Wire bar coat/doctor blade
Wire bar coating and doctor blade printing (also known as slot coating) rely on the movement of a 
solution of nanomaterials between a substrate and a depositor just above the surface when one of 
the two is in motion. If there is a suitably high affinity between the nanowires and the substrate they 
will anchor on the surface and the moving solvent front pulls them into line with the direction of 
movement. These processes are more effective with a highly wetting surface for the chosen 
solvent[17].
The doctor blade system (Fig. 2.6A) is widely used in roll to roll printing systems where the substrate 
is moving. In this case the blade is stationary above the substrate and a reservoir of ink solution is 
set up upstream from the blade. When the ink reaches the blade it is spread and its thickness
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reduced to the blade-substrate separation distance. This induces a stress angle in the film's basic cell 
in the direction of the substrate movement.
The wire bar coating system is a contact system in which the ink is drawn along the substrate by a 
wire wound bar (Fig. 2.6B). When a system has been calibrated the film thickness can be calculated 
from the winding wire diameter, the ink solution viscosity and the wetting of the ink solution to the 
substrate surface. The diameter of the winding wire is important as the gap through which the ink 
passes is formed by the unfilled space between wire turns. The viscosity of the solution and the 
surface wetting determine how well the ink will spread across the substrate after the passing of the 
wire bar and how even the film thickness will be. As with doctor blade coating a stress angle can be 
induced by coating with a wire bar. However, the magnitude of this angle is decided by the ink 
viscosity in this case as spreading across the lateral direction can reduce the induced stress.
A B
Figure 2.6: A) Doctor blade or slot deposition scheme. B) Top: wire bar coating scheme. Bottom: side 
view of a wire bar.
In the case of molecular materials such as self assembled monolayers (SAMs), the induction of a 
stress angle will create a tilt angle in the basic unit cell of the monolayer. This means that a stress 
angle can be used to create template layers for further layers such as liquid crystalline materials[18]. 
In the case of nanomaterials such as wires and tubes the flow of solvent through the gap creates a 
microfluidic channel, which induces alignment by the flow forces of the surrounding solvent in the 
nanomaterial ink[9]. The doctor blade and wire bar techniques are attractive due to the ease with 
which they can be applied to mass production systems; however they are not able to directly 
produce patterned films without the addition of further techniques such as UV lithography.
2.2.3 Dielectrophoresis
Dielectrophoresis is an AC electric field mediated route for the alignment of tubes and wires over a 
set of contacts. The system uses an alternating field to induce dipoles in a nanoparticle, such as a 
metallic or semiconducting wire to position it between two contacts in line with the electric field 
lines between them. The contact layout of an example dielectrophoresis system along with the 
electric field between those contacts is shown in Figure 2.7A.
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Figure 2.7: Dielectrophoresis with silicon nanowires, images from [19]. A) illustration of two 
nanowires aligning over contacts with the electric field lines shown. B) Alignment and replacement 
of a nanowire aligned over contacts with a small width, i. empty channel with flow direction shown; 
ii. Nanowire approaches the contacts; iii. Nanowire attracted to electrodes and aligns with the E 
field; iv. Nanowire trapped between contacts; v. a second NW approaches; vi. The second nanowire 
has a stronger interaction with the field and displaces the first; vii. The first NW is swept away by the 
solvent flow. viii. Contour plot of the E field flux at the contact tips.
The induced dipoles created by this method create a dipole moment that is dependent on the 
contact separation to nanowire length ratio and the angle of the nanowire with respect to the 
electric field. There are two stable states within the electric field the first and most desirable is 
parallel to the field and the second is perpendicular. If the nanowire sits parallel to the field then it 
also creates a bridge between the two contacts allowing for a semiconducting channel to be formed. 
Theoretical studies have shown that the optimum alignment can be formed if the nanowire 
approach the electric field at 30° or less from parallel to the contact orientation[20]. In a practical 
system this can be achieved by the use of a fluid flow over the sample surface.
One of the greatest advantages of dielectrophoresis for the alignment of nanotubes and wires is its 
high selectivity for the wires and tubes with low defect ratios if the contact geometry is chosen 
correctly. In a system where the contact width is of the same order as the nanowire diameter only 
one or two nanowires can be held across the channel at any one time. If a wire with stronger 
polarisation behaviour or a length closer to the contact separation comes along then its larger 
interaction with the electric field will allow it to push out a nanowire that is already in that position. 
The substitution process is shown in Figure 2.7B. This ability to selectively attract nanowires or tubes 
with particular lengths and polarisability allows for the purification of nanowires during the
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fabrication process, which is a huge advantage when trying to simplify the number of steps in device 
fabrication.
The main disadvantage of the dielectrophoresis is the limits it places on the fabrication methods and 
device geometries that can be used. With a wider set of contacts the individual wire sensitivity is lost 
and so it becomes more difficult to produce consistent output characteristics for any devices 
produced. Also as the use of dielectrophoresis during material deposition relies on the ability to 
apply an electric field across the contacts while the solution is still flowing across the substrate, the 
use of manufacturing processes such as roll to roll printing becomes very challenging.
2.2.4 Microfluidic channels and Langmuir alignment
Microfluidic channels work on the principle of moving a nanomaterial solution through highiy 
confined channels. The low dimensions of the channel force the tubes or wires to fiow in 
orientations within a window of a few degrees from the channel direction as they wiil not physically 
fit in any other orientation[21]. The simplest explanation of this concept is thinking of logs flowing 
down a narrow river[22]. The flow of the water creates a turning force on the logs to bring them 
parallel to the flow while the sides of the channel act as a boundary to push the wires together into a 
dense film.
This alignment method can be enhanced to remove the need for fluid flow by using the Langmuir- 
Blodgett and Langmuir-Schaefer techniques. The scheme for these techniques is shown in Figure 2.8. 
The water surface alignment method is the same in both techniques by the moving of parallel bars 
towards each other with a mobile layer of nanowires or tubes on the surface of water between 
them. This creates a uni-axially aligned dense monolayer on the surface of the water that can then 
be transferred to a substrate. The Langmuir-Blodgett technique is similar to dip coating by 
introducing the substrate to the monolayer film vertically[23]. The Langmuir-Schaefer technique 
involves lifting the substrate from the bottom of the water layer to lift the monolayer away at the 
water surface [24].
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DFigure 2.8: The Langmuir deposition methods. A) Nanomaterial solution deposited on top of water in 
between two movable bars. B) Solvent evaporates away leaving a monolayer of nanomaterial on the 
surface of the water. C) Bars move inwards to create an ordered array of nanomaterials similar to a 
liquid crystal smectic phase. This ordered monolayer can be deposited onto a substrate in one of 
two ways: D) Langmuir-Blodgett; the substrate is lowered into the water. If the substrate is 
hydrophilic the monolayer transfers as it is raised out of the water. If it is hydrophobic the water is 
repelled from the surface and the monolayer is transferred on the lowering step. E) Langmuir- 
Schaefer; the substrate is raised from under the surface and the monolayer is transferred as the 
substrate passes the interface.
These techniques allow for the easy deposition of aligned films however they do rely on the use of 
nanomaterials that will remain on the surface of water in a monolayer.
2.2.5 Strengths and weaknesses of post growth solution based alignment methods
The preceding section has displayed the wide range of post growth self-assembly systems and their
diverse advantages. As a whole the methods described above are excellent for the formation of 
aligned films of nanomaterials over relatively large areas and are suitable for scaling up to mass 
production. As such these assembly techniques can be thought of as excellent deposition systems 
for thin films with lateral alignment and so are suitable for the creation of parts of devices that need 
large plane films like back contacts for photovoltaic devices.
One useful feature of some self-assembly systems that solution processing and roll-transfer systems 
lack is the ability to build structures in pre-defined substrate locations or strips rather than thin 
films. This means that the positioning nanomaterials in just the channel region of an electrode 
structure by these methods is very challenging and so it would be easier to look into alternative 
assembly methods.
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2.3 Composite self assembly systems
The need to create systems that will allow more structural control from the aligning deposition 
techniques described above leads to investigating functional materials that can form structures by 
self assembly or more traditional means. However, many structurally functional materials do not 
have the desired electronic properties for device construction. The traditional solution to such a 
problem is the creation of composite systems. A composite is the combination of two or more 
materials to make use of the desirable properties of each while minimising their undesirable 
properties. In this case we are looking at the use of materials that will self assemble into desirable 
structures in their pure state and can also interact with one dimensional nanomaterials to induce a 
similar structure. However, a composite system needs to be carefully tuned so that the presence of 
the nanomaterial will not affect the self assembly of the composite material.
2.3.1 Magnetic composite
Magnetic composites combine one dimensional nanomaterials that exhibit magnetic properties (eg 
metaliic CNT) with the polymerising or structuring capabilities of polymers such as polycarbonate 
(PC). For composite alignment a strong magnetic field (10 to 100 T) is used to induce a magnetic 
moment in the CNT, which leads them to align with the magnetic field lines. The aligned CNT can act 
as a nucléation site for monomer materials during a poiymerisation reaction. This produces an 
aligned array of CNT that is held in position by a polymer matrix[25]. A selective polymerisation 
process such as laser writing or scanned heating elements allows for the patterning of the areas of 
this film that can be polymerised in much the same way as a direct thermal printer (i.e. a fax 
machine) works.
The main limiting factor to the use of magnetic composites is the application of suitable magnetic 
fields. Systems that are set up for this deposition method tend to use either very large coil 
electromagnets or superconducting magnets[26].
2.3.2 Liquid crystalline composite
Liquid crystalline materials are materials that experience further ordered phase changes than the 
standard 3 states of matter within their iiquid state. The theory of liquid crystal materials will be 
covered in more depth in section 2.6, for this section it is sufficient to mention the 4 main phases 
associated with liquid crystalline materials. These phases in order of descending structurai order are 
the crystalline, smectic, nematic and isotropic. In the smectic and nematic phases the orientation 
order in one or more dimensions can be altered by an input of energy such as an electric field or 
heat[27]. If a liquid crystalline material is combined with small objects such as nanotubes and wires, 
then orientation changes in the liquid crystal can have an effect on the nanomaterial orientation. 
This effect is possible as long as the molecular mass and concentration of the liquid crystalline
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material is high enough to allow enough interactions with the object, as the interaction method is a 
series of small inelastic collisions. The different forms of liquid crystalline-CNT composites will be 
discussed in depth in section 2.7.
Liquid crystal CNT composites share many of the advantages of magnetic composites. However, they 
can also be aligned by various different energy inputs which allow a larger range of deposition 
techniques. One of the major barriers to the use of traditional liquid crystal materials is the lack of 
permanence to their order when the aiigning force is removed. However, this problem can be fixed 
by the use of a sub-set of liquid crystals called reactive mesogens that allow for thermal or UV 
crosslinking to polymerise them into a fixed fiim after alignment[28j.
2.4 Choosing techniques
Having briefly described the different techniques used within the field of self assembly it is clear that 
there are many different routes to achieve the aim of self assembled alignment. The three broad 
groups outlined above are the growth, post growth processing and composite techniques. All of 
these methods have shown success in the production of aligned nanomaterial systems. The choice of 
which methods to use for a particular application depends on the limitations that the desired final 
product places on the processing parameters. For example if the final product needs to be flexible 
and transparent then it would be impossible to use assembly methods that require single crystal 
substrates (such as silicon) and opaque materials. Two of the main desirable features mentioned in 
the introduction chapter for this project were scalability to mass production levels and the use of 
printing methods (that generally require solution processing).
By using these parameters for the choice of self-assembly mechanism a large portion of in the in-situ 
growth methods can be removed as they require high temperatures and pressures that are not 
compatible with printing systems. The post growth systems such as dielectrophoresis, Langmuir and 
dip coating are all reasonably easy to scale up and can be excellent methods for the deposition and 
alignment of nanomaterials. However, for nanomaterials such as CNTs that exhibit strong surface 
interactions such as van der Waals' forces, the post growth methods become difficult to reproduce 
accurately due to bundling. These constraints leave only composite materials which can be 
deposited by all solution processing methods and allow mass productions in a reproducible manner. 
To keep the system at its simplest, the composite materials that have been decided upon for this 
project are liquid crystalline systems. As this method is dependent on only dimensions of the 
materials being aligned the nanomaterial chosen for this work is carbon nanotubes. However, the
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principles discussed for self-assembly are expected to work in the same manner for any ID 
nanomaterial.
The following sections will look in more detail at CNTs and liquid crystals and the current state of 
research of self-assembly for composites of these materials. Further to composite systems the 
production of transparent, flexible CNT contacts will be discussed as a part of the development 
towards making all carbon self-assembled systems from these methods.
2.5 Carbon nanotubes
Since CNT were first reported as a unique material in 1991 they have been used in diverse fields due 
to their promising structural, thermal and electronic properties. The basic structure of a carbon 
nanotube is a rolled sheet of graphene with end caps of half Bucky balls; this structure is called a 
single walled carbon nanotube (SWCNT). The molecular structure of a SWCNT can be pictured using 
the diagram in Figure 2.9; the graphene sheet is a series of interlocking hexagons with sp2 bonded 
carbon atoms at each corner. The basic lattice cell is a parallelogram made up from the vectors ai 
and 32. These lattice vectors can be used to describe the structure of any CNT by creating arbitrary 
chiral vectors (n, m) from equation 2.1.
nai + ma2 = C (2.1)
Where n and m are integers and C is the tube circumference.
(0,0) (1,0) (2,0) (3,0) (4,0) (5,0)
Figure 2.9: The construction vectors of a carbon nanotube from a sheet of graphene, ai and a2 are 
the basic lattice vectors and the area above gives examples of the (n,m) naming rules for different 
sizes of CNT.
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2.5.1 Electronic properties of carbon nanotubes
The chiral vector (n,m) values can also be used to find the electronic properties of a tube. If a SWCNT 
satisfies equation 2.2 below then it is metallic, otherwise it is semiconducting. This leads to the 
inference that 2/3 of possible nanotube structures lead to semiconducting properties.
n -m  = 3p (2.2)
Where p is an integer.
When nanotubes grow in a nested structure, with tubes inside each other, they are called multi 
walled carbon nanotubes (MWCNT) and they will always have a metallic electronic nature. CNTs 
exhibit many properties that make them useful for the electronics industry and their high charge 
carrier mobiiity is especially desirable as it suggests the ability to create a variety of novel devices. 
Some examples in this case are single electron switches and high frequency transistors [29].
Carbon nanotubes have a regular structure with well-defined overlapping highest occupied 
molecular orbital (HOMO) energy levels and lowest unoccupied moiecular orbital (LUMO) energy 
levels along the centre of the tubes. This means that the conduction along a metallic nanotube can 
be ballistic in nature. In the idealised case where there are no losses resulting from contact 
resistances and tube defects, metallic CNTs can have a mean free path of up to 1 pm (compared to 
nm in traditional metals) corresponding to a resistivity of ~10'^ Qm [29]. The energy levels in a 
semiconducting SWCNT are of a symmetry that means an energy gap is produced between the 
LUMO and HOMO levels along the tube axis. This leads to the need for an external electric field to be 
applied to the tubes to allow conduction along them. However, the fields needed to produce 
conduction (around IV ) are far smaller than those currently used in silicon device technology. 
Semiconducting SWCNTs tend to be p-type in ambient conditions due to the adsorption of impurities 
such as oxygen on the surface of tubes acting as weak p-type dopants. This suggests that the doping 
of tubes can be affected by a small amount in either direction (p or n) by the chemical atmosphere 
they are kept in [29].
The greatest negative effect on the conductivity of CNTs does not come from the tubes themselves 
but from the junctions between the CNTs and the contact metals. These junctions tend to have a 
Schottky barrier nature meaning that the source and drain contacts of any CNT semiconducting 
device will have threshold voltages [30]. This barrier issue can be reduced with a suitable choice of 
contact material. One of the best materials known at the moment is the noble metal palladium, 
which has strong wetting with CNTs and a high work function [31]. Thus the palladium contact
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equalises the work functions of the CNT and contacts and so leads to experimental device 
conduction that is close to ballistic.
2.5.2 Defects in carbon nanotubes
As well as the introduction of potential barriers at the ends of CNT from the junctions between tubes 
in a film, CNT conduction can be limited by the inclusion of defects in their graphene lattice. As the 
conduction in CNTs is due to the regular overlapping of pi-bonds any disruption in the structure can 
cause degradation of its observed conducting properties.
There are three main types of defects seen in graphitic carbon sheets, which are shown in Figure 
2.10.These variety of defects are termed vacancy, interstitial and non-hexagonal ring defects. A 
vacancy defect (as shown in Figure 2.10 green) is a site in the hexagonal lattice where no atom has 
been bonded; this is an unstable defect and can migrate across the lattice at higher temperatures. It 
also acts as a site for chemical reactions such as functionalisation to occur. Vacancy defects are often 
caused in the growth process if it is performed too quickly, but they can also be caused by post 
growth damage from processes such as chemical attack and radiation interactions. Interstitial 
defects are atoms that have bonded to the graphitic lattice in a site that is above or below the plane 
of the graphene sheet. These atoms will typically sit centrally over a hexagonal ring (as shown in 
Figure 2.10 red) or halfway between two lattice atoms above their bond. The addition of extra atoms 
in interstitial sites involves the distortion of electron energy levels that were previously the 
conduction pathway. Due to this distortion interstitial defects can have a strong negative effect on 
electronic properties. Interstitial defects can act as a dopant for semiconducting materials as they 
either donate (n type dopant) or accept (p type dopant) electrons from the CNT[32].
Figure 2.10: The basic defect types in graphitic sheets. Green shows a vacancy defect; red shows an 
interstitial defect; and blue shows a non-hexagonal ring defect.
24
Both vacancy and interstitial defects are individual in nature and although they can have high 
concentrations they do not generally sit immediately next to each other to create larger area 
defects. Non-hexagonal ring defects however can grow into much larger areas. A non-hexagonal ring 
defect is a bond that has rotated so that there is still the same total number of carbon atoms in the 
lattice but the rings become distorted to contain more or less than six atoms. The most basic form of 
this defect type is the 5-7 ring defect which is shown in blue in Figure 2.10, although the most 
commonly seen version is a symmetrical combination of two 5-7 ring defects called a Stone-Wales 
defect [33]. Non-hexagonal ring defects have a large effect on the sheet morphology and so cause a 
large deformation of a tube. If the larger rings are concentrated to one side of a nanotube they can 
create a bend in the tube, leading to an adverse effect on its mechanical and electronic properties. 
Mechanicaliy a tube with a bend in it is weaker than a straight tube and the non-hexagonai regions 
are more susceptible to chemical attack due to their lower bonding energies. The rotation of bonds 
also reduces the pi-bond conjugation across the graphitic sheet and so adds potential steps to the 
charge carrier pathway. Non-hexagonai ring defects are typically caused by thermal dislocation of 
bonds and improper template recreation in the growth process.
Defects are generally considered to be a negative attribute in CNTs as they adversely affect their 
mechanical and electronic properties. Defects also increase the chemical reactivity of CNT, which can 
be desirable in some situations. For example the functionalisation of CNTs is made more 
energetically favourable by the inclusion of a small amount of defects. Additionally, CNT transistors 
designed for chemical sensing can exhibit higher sensitivity if there are some defects on the channel 
CNT. Apart from these two specific cases it is normally preferable to try and remove as many defects 
as possible from the pristine tubes. There are several methods for the removal of defects from CNT 
which will be outlined in the following sections.
As described in section 2.1.2, during chemical vapour deposition (CVD) growth of CNTs the walls are 
built up from a catalyst by the free movement of sublimed carbon at high temperatures. If this 
process is performed too quickly then the carbon atoms may not form into the desired hexagonal 
structure leading to vacancy and non-hexagonal ring defects. However, if the mobility of the carbon 
atoms can be maintained on the surface of the CNT wall then these defects will heal themselves 
during the growth process. It has been modelled that if a CNT with defects in the centre of the tube 
walls and well-formed ends is reheated to 1700 K the high bonding energies of the hexagonal 
structure will stop total destruction but allow the defect rich areas to reform and heal[34]. 
Experimentally this effect has not been seen at these temperatures, however at temperatures of
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2600 K and above in a nitrogen purged tube furnace for 45 minutes, a noticeabie improvement has 
been seen for defect concentration in multi walled CNT (MWCNT) [35].
Another route to the same graphitisation effect as mentioned previously is the use of a vacuum arc 
rapid thermal annealing system[36]. In the vacuum arc system the CNT sample is placed in a vacuum 
chamber and rapidly heated by the application of an arcing electric field across an electrode gap. The 
rapid heating increases the sample temperature from room temperature to over 1800°C to give 
carbon atoms in the graphitic lattice enough energy to become mobile around defect sites. The 
sampie is then rapidly cooled by the introduction of liquid nitrogen to the system, which immobilises 
atoms before they can move out of the favourabie hexagonal lattice positions. Thermal 
graphitisation methods are highly effective in the removal of defects as has been shown by the 
increase in thermal and electronic conductivities they produce[37]. However, graphitisation 
methods tend to be very prohibitive in device production systems due to the high temperature 
needed to make them effective.
Another route to the healing of defects is the use of chemical reactions with the CNT walls. Here two 
examples will be discussed, these are nitric acid reformation and carbon monoxide 
disproportionation[38]. Nitric acid reformation uses a process similar to the acid functionalisation 
reaction outlined in Chapter 6. This reaction breaks bonds to add an acidic (0=C-0H) group to the 
CNT and will preferentially occur at defect sites. At a non-hexagonal ring defect bond breaking can 
lead to the rotation of bonds back to the correct sites for a graphitic lattice[39]. Although nitric acid 
treatments can heal non-hexagonal ring defects they also leave acid functional groups[40] and can 
induce cutting and even destruction of tubes at vacancy defects and end caps[41]. This is a common 
problem for acidic or basic interactions at CNT wails and so these types of defect healing routes are 
not commonly followed.
The carbon monoxide disproportionation reaction uses the bonding of carbon monoxide to defect 
sites to introduce carbon atoms to a vacancy defect. This process requires the introduction of carbon 
monoxide at high temperatures and pressures to a CNT sampie to allow the formation of an 
effective bond at vacancy defect sites. In a site with two carbon monoxide groups bonded on 
opposite sides they can bridge over the vacancy site leaving a carbon atom in the appropriate region 
to replace the vacancy. The energetic steps of this reaction are shown in Figure 2.11 along with the 
chemical structure at each step[38]. The energy profile shows that once the initial substitution is 
accomplished the conversion to a healed defect is energetically favourable with a small energy input. 
The disproportionation route to defect healing has been shown to vastly improve the electronic and
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mechanical properties of CNTs, but this method shares the processing disadvantages of 
graphitisation in its need for high temperature and pressure processes.
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2.11: Bond energy profile and chemical process of carbon monoxide disproportionation 
healing[38].
The final defect removal technique in common usage that will be discussed here is selective 
destruction, which was touched on within the discussion of nitric acid reformation. Selective 
destruction is a subtractive process that cuts down CNTs containing defects until they are left as a 
mixture of amorphous carbon and oxides that can be removed by purification processes such as 
chromatography[42]. This is the simplest possible technique for purification of CNT but leads to 
shortening of CNTs and can be expensive in terms of material loss with lower quality batches.
2.5.3 Solubility and processing of carbon nanotubes
Many potential uses of CNTs involve the creation of solutions of either pure CNTs or, as in the case 
of this project, solutions of CNTs with other organic molecules to enhance their properties. However 
this creates problems as CNTs have a strong clumping tendency due to their readiness to form van 
der Waals bonds between them[43]. There are two main methods to get CNTs into solution, the first 
is the use of strong chlorinated solvents and the second is the functionalisation of CNTs. The use of 
strongly chlorinated soivents creates problems for many composite methods as they are liable to 
damage longer chain molecules when solutions are being created. The most common method of 
functionalisation of tubes involves the use of modification of the carboxylic acid groups generally 
present in purified CNTs to induce bonding with long chain molecules. These long chain molecules
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give the CNTs a hydrophilic nature and so rather than clumping they will tend to disperse throughout 
polar solvents with which they do not typically interact [44]. The method of functionalisation can 
lead to the modification of the electronic properties of CNTs, and so must be carried out with a fine 
balance between creating a good solution and destroying the conducting properties that the CNTs 
are being used for.
2.5.4 Sorting and purification of carbon nanotubes
Most of the commercially available applications of CNT have been in the production of new 
structural materials based on their mechanical properties. However, much research has also been 
performed into the use of CNT for the production of electronic devices. To create devices with the 
most suitable characteristics for making contacts or semiconducting devices it is necessary to 
separate semiconducting nanotubes from metallic nanotubes. The separation of SWCNTs into 
conducting and semiconducting groups is a field that is still under research and there is no widely 
accepted method for the mass production or separation of one type of SWCNTs on their own. The 
most promising process in this field is the separation of SWCNTs using DNA sorting by diameter. This 
process separates out large diameter (>1 nm) semiconducting CNTs from smaller diameter mixed 
metallic and semiconducting (<0.9 nm) CNTs by binding them with DNA molecules and processing 
the resultant solutions in a centrifuge [45]. A similar route uses the strong van der Waals forces 
exhibited by CNT to anchor an organic molecule with a suitable terminal group to the tube [20]. This 
method is circumference selective as oniy CNT with certain circumferences will fit the electronic 
profile of the molecule's terminal group. Centrifugation can then be used to separate tubes that 
have anchored to a moiecule from those that have not. As has been shown above this circumference 
selection can be equated to selection of chirality and thereby electronic properties. There are a 
substantial number of other techniques that have been suggested for the separation of CNT. 
However, many of these are destructive for a proportion of the tubes in a sample or the waste of 
large amounts of material by the washing away of excess. Exampies of these processes include 
selective reaction to destroy CNT of some chirality tubes with strong acids; or only working with 
small amounts of CNT such as electrophoresis sorting or chromatography[46].
2.5.5 Electronic applications of CNTs
Once CNT have been isolated as either metallic or semiconducting they can be used to create 
transistors or conducting films. To create a conducting film metallic CNT can be deposited in mats on 
a substrate, the conductivity of these mats is theoretically only limited by the 'hopping' transitions of 
charge carriers between tubes[47]. This hopping conduction is in turn dependant on the 
concentration and degree of order of the CNT mat. The creation of semiconducting CNT devices has 
shown much promise. Semiconducting CNT can either be used individualiy or in mats between
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contacts to create field effect transistors by similar methods to those seen in molecular electronics. 
Individual CNT devices have been reported with on currents (Ion) 30 times higher than that of current 
silicon technology[31], although disordered CNT mats have shown far lower currents.
2.5.5.1 Transparent CNT conductors
Metallic CNT have been widely suggested as a viable candidate for the replacement of expensive and 
rare materials such as indium tin oxide (ITO) for transparent contacts in optoelectronic devices. For 
conducting films many groups use MWCNTs or double walled carbon nanotubes (DWCNTs) to create 
conducting films due to the metallic properties they exhibit. SWCNTs should theoretically have 
higher conductivity but are expensive to purify as mono-dispersed metallic tubes and are more 
readily affected by defects.
The current technology for MWCNT films from solution processing (printed contacts) can produce 
layers with transparency of 92% in the optical region and a sheet resistance of 2x10^ Q/square[48]. 
The inks are formed from 1 mg/ml MWCNT dispersed in water with the addition of l% wt of sodium 
dodecyi sulphate surfactant. These films have been printed and their sheet resistance measured 
over areas up to 1 cm .^ The current technology for mixed semiconducting and metallic CNT 
conducting films involves the inkjet printing of acid functionalised CNT mixed with a nafion 
surfactant to produce films of 85% transparency at 2x10^  ^Q/square sheet resistance[32].
Figure 2.12 shows a transparency and sheet resistance for several different methods for the 
production of transparent CNT conductors. These results show that the median sheet resistance for 
modern technoiogy is around 1000 Q/square. The series of resuits from the study by Hong-Zhang 
Geng et ai. shows the effect of decreasing proportion of surfactant in the film [32], which increases 
the transmittance and decreases sheet resistance as was suggested earlier in this chapter. The series 
from Chen et al. shows the effect of coating methods with their sheet resistances in increasing 
transmittance being produced by dip, blade and slot coating respectively[49].
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Figure 2.12: Sheet resistance versus transmittance for current CNT transparent conductor 
technology. Sources: Geng et al. (2008) [32]; Li et al. (2006) [48]; Kaempgen et al. (2005) [10]; Yu et 
al. (2006) [50]; Moon et al. (2005) [51]; Chen et al. (2013) [49].
The choice of the results shown in Figure 2.12 is due to the sample sizes that results were measured 
over. Many studies that claim record breaking values for the sheet resistance of CNT thin films 
measure over areas in the micro metre length and width scale. While these results are strictly 
accurate they are not necessarily useful for the design of devices such as solar cells that use metallic 
transparent films. All results displayed in this section are measured over areas of 1 cm  ^and above, 
which are more realistic scales for the contacts in photovoltaics and display applications.
2.5.S.2 Carbon nano tube field effect transistors
Single walled CNTs with the appropriate chirality can be excellent semiconductors for devices such 
as field effect transistors (FETs). The most effective semiconducting devices can be produced by 
using processes such as electron beam lithography to directly attach contacts to an isolated CNT. 
Using such direct contacting methods CNT FETs have been produced with device charge carrier 
mobility of up to 3000 cmVVs[52]. However, these systems are not scalable in terms of mass 
production due to difficulties in identification and also positioning of individual sSWCNTs in 
predefined substrate locations.
Table 2.1 outlines the FET properties and device production methods for several different devices 
with increasing on currents (Ion). The list starts with the developments by R. Martel et al. in 1998 
with one of the first multiple CNT FETs[53] and shows the increase in device quality up to some of 
the current best solution processed and self assembled CNT FET parameters[54].
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Table 2.1: Parameters for several bulk CNT FET devices with different production techniques. All 
devices exhibit p-type behaviour and are measured in a nitrogen atmosphere. A gap indicates that 
the parameter or information to calculate that parameter is not available from the literature.
Study Materials and method Vd
(V)
Vth
(V)
Ion ( A ) On/Off
ratio
L
(fim)
Mobility
(cmVVs)
Martel et 
al. [53]
SWCNT drop coat on SiO: 
(Dichloroethane solvent)
0.05 -0.25 6.5x10'^ 1.4 20 20
Goh et al. 
[55]
Octadecylamine 
functionalised SWCNT 
(Toluene solvent)
-10 -1 1.2x10'^ 10^ 5-20 9x10'®
Lay et al. 
[56]
SDS-SWCNT N2 flow 
alignment (Water solvent)
0.1 -0.2 10‘® 10^ 2-16
Jin et al. 
[57]
Thermo-capillary removal 
of mSWCNTs (IPA solvent)
-0.1 0.025 5x10'^ 10® 30 1x10®
Duan et al. 
[58]
Dielectrophoresis on 
SWCNT (Water soivent)
-4 3 25x10'® 10® 3 1x10'^
Park et al. 
[16]
Hydrophilic monolayer 
Surface treatment trenches 
with SWCNT (Ethanol 
solvent)
-0.5 -0.25 1.3x10'® 10® 1 6
Lee et al. 
[59]
Spin coating of SWCNT 
over patterned troughs 
(DMF solution)
0.1 -1.5 1x10'^ 10® 2
Martin- 
Fernandez 
etal. [54]
In-situ growth by CVD on 
pre-defined contacts
0.5 5 2x10'® 10® 5 5x10®
The parameters outlined above in table 2.1 can be a little deceptive due to their different channel 
lengths and bias choices. These problems can be solved by the calculation of device charge carrier 
mobility to allow direct comparison; the method for this will be described in section 3.4.2. The 
mobility and drain current characteristics of CNT FETs tend to be a lot worse than would be expected 
from theoretical models. This is generally due to the inclusion of metallic tubes which increase off 
currents and the lack of direct paths between source and drain contacts [60]. A further large 
problem in the production of CNT FET devices is the high faiiure rate. For example, the system with 
the iowest failure rate in the techniques discussed is the spin coating technique developed by Lee et
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al. [59]. Once optimised for 5" wafers this system produces devices with a 23 % failure rate at the 
production stage.
2.6 Liquid crystals and reactive mesogens
2.6.1 Liquid crystals and alignment
Liquid crystals (LC) have a long history of being used in many devices due to their ability to create 
aiigned molecular structures, which can be reordered by the application of an external force. Liquid 
crystals are organic molecules with two hydrocarbon chains at roughly 180 degrees from each other 
on a central core, which demonstrate phase transitions from an amorphous phase through a series 
of increasingly ordered phases. LC can either be organised by application in solution to a rubbed 
surface[18] or their orientation can be changed dynamically by the application of magnetic or 
electric director fields[61]. The most common use of liquid crystal materials in the electronics 
industry is for displays. A liquid crystal in this case is used for its polarising properties to rotate light 
polarisation dependant on the fieid across it. However, a subset of LC called conjugated liquid 
crystals are used as an electronic materiai due to their pi conjugated central cores[62]. The 
conducting properties of these materials can be found using the same rules outlined above for 
molecular electronics. The advantage of using LC materials for electronic devices is their self aligning 
(or self assembly) properties, which lead to more stable and reproducible devices due to the 
predictable positioning of individual molecules within the film. Their major disadvantage is that they 
tend to have worse electronic properties than traditional semiconductors; a high mobility LC can 
demonstrate hole mobility around lO'^cm^V^s ^ which is several orders of magnitude lower than 
the mobility seen in bulk silicon devices (450 cm  ^ s' )^.
The class of semiconducting liquid crystals this project is interested in can demonstrate 4 main 
phases: amorphous, nematic, smectic and crystalline. The amorphous or isotropic phase is 
characterised by a random distribution of molecules with no structure. The nematic phase has all 
molecules pointing in the same direction, but individual molecules positions are random. The 
smectic phase can exhibit short or medium range order over a single layer or several layers 
depending on the order of the particular smectic phase. Finally the crystalline phase is the most 
ordered phase with ail of the molecules in a single ordered lattice structure within a crystalline 
domain, where the LC iayer is composed of a number of the domains with different director 
orientations. For the aiignment of other nanomaterials the desired state is when ali of the molecules 
point in the same direction, which is the nematic or smectic phase. For thermotropic LC the phase is 
changed by variations in temperature, with each phase having a well defined temperature range. To
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choose the direction of alignment the LCs must be further organised by an external force or by an 
alignment layer on a substrate.
There are several ways to achieve a mono-domain alignment of liquid crystals, such as the 
application of external electric or magnetic fields (for molecules with electric dipole component) and 
rubbed alignment layers. This project concerns itself with the alignment of liquid crystais by rubbed 
polyimide alignment layers. It was initially assumed that the alignment seen in liquid crystals on a 
rubbed surface was due to the effect of minor abrasions and damage to the substrate surface. This 
mechanism is an obvious candidate for the alignment of an ordered material. However, when 
investigated further, this was seen to be inaccurate because even with gentle single axis rubbing, 
where the force applied is not great enough to physically mark the surface, an alignment effect is 
still seen. It has subsequently been demonstrated that rather than producing alignment troughs the 
rubbing of a polymer coated substrate will reorder the structure of the principle stress axis of the 
polymer layer [18]. The proposed mechanism is that the friction of a fibrous rubbing material creates 
a shear force between the top of the alignment medium in contact with the moving material, and 
the base of the alignment medium in contact with the stationary substrate. This shearing force 
causes an elongation of the alignment medium's basic ceil at an angle to the substrate, thus creating 
a parallelogram structured basic cell. The change in stress on the basic celis of the aiignment 
medium creates an alignment across the film in the direction of the stress on the basic ceil. This 
method not only explains the non-abrading form of polymer alignment but also explains why liquid 
crystals aligned in this way exhibit a tilt from their normal axis between the substrate and the 
surface.
2.6.2 Reactive mesogens
Reactive mesogens are a subset of the general molecular group of liquid crystals that contain 
polymerisabie end groups, and in some cases polymerisable side-groups. An example of a reactive 
mesogen structure is shown in Figure 2.13; the structure shown here leads to an insulating nature, 
as the conduction along the molecule will be blocked by the lack of pi conjugated bonds linking the 
benzene rings on the core. Reactive Mesogens (RMs) differ from the general molecular group of 
liquid crystals by the addition of polymerisable groups on their hydrocarbon chains. The 
polymerisable end groups, when combined with a photoinitiator in a thin RM film, can be activated 
by light at a particular wavelength leading to a further polymerisation across a film [63]. This means 
that an array of liquid crystals can be ordered to a desirable phase and then polymerised to keep 
them in a set matrix when external conditions change. For the case of the exampie molecule in 
Figure 2.13, the polymerisable groups are acrylates on the molecule end cap. These acrylate groups 
lose their double bonds when activated by UV light and recombine into long chain polymers. The
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addition of polymerisable groups also gives rise to a method of using a liquid crystal solution to align 
a medium and then lock the final composite into a set alignment. One of the main stumbling blocks 
in the development of nanomaterial electronic devices is the random orientations that ID materials 
exhibit when distributed on a substrate. The production of fixed aligned films by this self assembly 
processes solves this problem.
C H , =  CHCO^(CH^jO — ^  CO^— ^  O^ C— 0( CH CHC = C H ^
Figure 2.13: Example structure of an insulating reactive mesogen; reproduced from Cairns, Sibulkin 
and Crawford[28]
Conjugated reactive mesogens, as a special class of LC, allow for molecules to be aligned by a 
standard LC alignment method and then to be photo patterned by optical lithography to create a 
single step device production technique [64]. The structure for such a material (DlOO; produced at 
the University of Bayreuth) is shown in Figure 3.1 (step iv). This molecule acts as a semiconductor 
along its long axis through the pi-conjugated oligofluorene core. The acrylate side chains allow for LC 
properties and the double bonded methyl and oxygen groups can be removed by an input of UV 
light combined with a photo initiator to allow crosslinking into a film[63].
2.6.3 Reactive mesogen electronics
Previous work into the development of conjugated reactive mesogen materials has focussed on their 
properties as a molecular electronic material. The extent of this work has been limited, due to the 
material's relative scarcity and the generally low charge carrier mobility in comparison to many 
molecular electronic materials. Most of the work that will be outlined in this subsection was carried 
out as a series of collaborations between Queen Mary College (London University), the University of 
Bayreuth, Merck Chemicals and Phillips Research Laboratories.
The first development of conjugated reactive mesogen materials into working FET structures was 
performed with the use of phenylnaphthalene diene (PhN RM) and quaterthiophene diene (QT RM). 
These materials were deposited on silicon-silicon dioxide substrates with gold electrodes and 
processed into a smectic phase for crosslinking. The FET characteristics were measured and their 
charge carrier mobility for holes was calculated. The PhN RM was shown to lose its semiconducting 
properties when crosslinked while the QT RM exhibited an increase of one order of magnitude (from 
10"^  to 10 ® cmVvs) upon alignment and crosslinking[61,65]. The mobility of these devices was
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improved upon by the creation of tetramer materials that combined thiophene (T), phenylene (P) 
and phenoxy (Pq) groups, with diene reactive groups. These materials were also crosslinked in the 
smectic phase and allowed the production of devices with a hole mobility of as high as 1x10'^ cmVVs 
(4T-D)[66] and 5x10’  ^ cm^/Vs (PTTP-D)[67]. The best materials from this study were 4T-D reactive 
mesogen, meaning a four unit long thiophene chain with reactive diene end groups. An interesting 
point to note from previous work with conjugated reactive mesogens is that the crosslinking of the 
thin films does not always have a desirable effect on the electronic properties. An investigation into 
the reactive fluoro-polymer F8T2 by de Leeuw's group at the University of Bayreuth showed that the 
further polymerisation of the material led to a reduction in the hole mobility of FETs produced by 
that method by an order of magnitude[68j.
Although a trend of increasing hole mobility was seen for reactive mesogen materials over the 
previous work outlined here, the field of research petered out around 2006 with little further 
mention of the materials. This is due to the limitations of such low mobility materials when 
compared with materials such as silicon. However, the huge advantages of the seif-assembly 
properties of a liquid crystalline material combined with the photoresist iike effect seen from the 
reactive groups on these materials make them an excellent candidate for the generation of 
composites with higher mobility materials.
2.6.4 Application of reactive mesogens to composites
As was mentioned in section 2.3; a standard approach when trying to improve any of the 
characteristics of a material is to produce composites. The combination of the excelient charge 
carrier properties of nanotubes and wires and the self assembly properties of LCs produce an 
excellent candidate for the production of composites. LC polymers have been used by several groups 
to give a self assembly route for the production of devices composed of CNT or nanowires[43,69- 
71]. One example of these applications is the use of LC that can be reoriented by the application of 
an electric field. The LC is combined with well dispersed metallic CNT and the mixture is fed into a 
thin cell with a rubbed polymer layer on its inner surfaces. The initial introduction of the composite 
promotes alignment in the polymer rubbing direction and the application of an electric field switches 
the LC between aligned and non-aligned states. The addition of contacts at either end of the aligning 
cell then allows for the device to be used as a switch[72].
At first the idea of small scale molecules such as liquid crystals being used to reorient much larger 
structure such as a nanotube seems non-intuitive. However the process can be understood as a 
reduction of the system's free energy by a series of small elastic interactions. In the case of this 
project we are working with thermotropic reactive mesogens. These materials reorient by an input
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of heat energy and the application of a rubbed alignment layer as described above. The reason for 
their change in aiignment is that with the application of heat they move into a liquid phase where 
they are able to reorient to reduce the surface tension between them and the alignment layer 
below. This process of reducing the tension between the two layers reduces the free energy of the 
system and so is energetically favourable when the RM are in a mobile liquid phase. When well 
dispersed CNT are added to the RM in a composite, the RM moiecules surrounding a CNT will try to 
reorient to reduce their surface tension with the alignment film which will create a force between 
them and the CNT. If the CNT is isolated within the RM matrix then the combination of multiple 
small molecules all around it moving will sum to a higher force, which will be strong enough to 
reorient the CNT and so reduce its free energy. However, if the CNT has a strong interaction with the 
substrate or is surrounded by a tangled bundle of other CNT then the combined force produced by 
the surrounding RM will not be high enough to move the CNT and it wiil act as a new alignment 
director for the surrounding RM. This would lead to a film with multiple RM alignment directions and 
there would be noticeable interfaces between different crystalline regions.
2.7 Liquid crystal -  carbon nanotube composites
The orientation altering properties of liquid crystals have been used in several different ways to 
create self assembling composite systems. One of the first uses of liquid crystalline composites was 
as a dynamic switch material[73]. In this type of system the composite acts as a relay that will 
physically switch the orientation of CNTs within a liquid crystal film depending on the prevailing 
eiectric field direction[74]. The relay type devices produced with liquid crystal materials 
demonstrated a large increase on the conductivities seen for liquid crystalline materials, but did not 
compete with metallic conductors such as copper. A similar use for this technology however is in the 
production of selective poiarisers. The absorption spectrum for CNT in the visible spectral range and 
the alignment properties of liquid crystals make an excellent material for the production of optical 
components.
2.7.1 Liquid crystal -  carbon nanotube films
Further to the switching alignment method mentioned above much research has been performed 
into the effect on the fundamental properties of the LC and CNT by combining them in a composite. 
As mentioned earlier the desirable LC phase for alignment of nanomaterials is the nematic phase, as 
such the effect of MWCNT and SWCNT loading on the nematic phase transitions of LC composites 
has been studied in depth. The addition of CNT to organic LC films creates local lyotropic alignment, 
which is alignment in line with impurities in the film (CNT) with a magnitude that is proportional to 
the concentration of CNT [75]. The same study that found this result also noted a small increase in
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the phase transition temperature between the isotropic and nematic phase on cooling. However, an 
exact relationship between the concentration of CNTs and change in transition temperature has not 
yet been elucidated. The nematic phase transition temperature is also dependant on the particular 
molecular structure of the LC molecules and so this parameter needs to be found for each individual 
type of material.
Although most LC materials previously studied have an insulating electronic nature, there has been 
some research into the use of photoluminescent LCs. This allows the analysis of alignment by the use 
of polarised photoluminescence measurements and leads towards the use of composites in optical 
devices such as light emission applications. However, the combination of CNT has a strong effect on 
the photoluminescent emission by quenching it by up to 10 times [76].
The effect of carbon nanotube loading in the LC/CNT composite on the liquid crystalline behaviour 
was studied in [73], where nematic domains became disoriented with higher MWNT loads. This 
effect was demonstrated using polarised optical microscope imaging of LC-MWCNT composites (see 
Fig. 2.14) showing much darker images of LC-CNT composites than images of pure LC in the same 
state [77].
Figure 2.14: Polarised optical microscope images of liquid crystals, a) Pristine LCs in the nematic 
phase, b) LC-CNT composite in the nematic phase, c) LC-CNT composite in the isotropic phase[77].
The percentage of CNT by weight within the LC-CNT composite has also been found to have a large 
effect on the degree of alignment and electronic properties of deposited films. Alignment of CNT by 
LCs in a thin film has been analysed by atomic force microscope (AFM) and compared against weight 
percent of CNT [77,78]. This analysis has show that for MWCNTs in low molecular weight LCs the 
maximum amount of MWCNT that can be added to the composite is 1 %wt. Beyond this mass the 
CNTs begin to flocculate within the film and alignment becomes unreliable due to the larger size and
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mass of the CNT bundles. Although an increase in the concentration of CNT in the films has a 
negative effect on the alignment in films, it has a strongly positive effect on the increase of 
conductivity and decrease of sheet resistance. Figure 2.15 shows the conductivity versus CNT 
concentration and conductivity versus temperature for a low molecular weight LC-CNT composite. 
The increase in conductivity of composites has thus been shown to be a product of the increase in 
alignment from the LC material and the concentration of CNT in the material. Further to these 
effects it has been suggested that interactions between the pi-overlapped bonds of the aromatic 
rings seen in LC molecules and the pi bonding of the CNT structure can enhance the electronic 
properties of the film. This could be due to the doping of CNTs with extra charge carriers from the LC 
molecule at locations where the two overlap [79].
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Figure 2.15: A) conductivity versus CNT concentration for an LC-CNT composite at 355°C. B) 
conductivity versus temperature for an LC-CNT composite showing transition to the nematic phase 
at 348°C [78].
Although LC materials can increase the alignment and so electronic conductivity of CNTs they can 
also cause problems in systems where they can continue to provide positional mobility to the CNT. 
In these cases a constant input of energy is needed to keep the LC molecules in the desired phase or 
the CNT will gradually diffuse back to their resting state. This has led to the investigation of the post 
alignment removal of LCs and the use of crosslinkable LC materials such as reactive mesogens.
2.7.2 Liquid crystal sacrificial layers
Some of the early attempts at creating fixed films of CNTs using liquid crystal templating involved 
the use of sacrificial LC layers. In these systems the liquid crystalline material is used to align the 
CNTs and then removed by washing to leave CNTs in their aligned state on the substrate. These 
types of methods are very useful if the LCs available for the application are highly soluble. One
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example of the process for a washing system is the use of lyotropic LCs to align MWCNTs in an 
optically flat capillary. Once the composite is well dispersed throughout the capillary, a solvent, 
chosen so that the LC is soluble while the CNTs are not, is used to wash out the remaining LCs [80]. 
This system has been shown to have the ability to align large MWCNTs with diameters up to 30 nm 
and lengths of up to 1 pm. The disadvantage of such systems is the need for very fine capillaries, 
which can act as a filter for CNTs if a bundle gets caught in the entrance. This means that inks 
produced for this system must be very well dispersed and thus risk damage to CNTs from long 
periods of sonication.
A solution to the problem presented by narrow capillary entrances is to use porous substrates as 
shown in Figure 2.16. In a porous substrate deposition the LC-CNT ink is deposited on top of a 
porous membrane with a pre-processed alignment direction such as a polycarbonate filter paper 
with a uniaxial rubbing direction. The substrate surface is heated to the temperature range of the LC 
nematic phase to induce alignment in the composite material. To remove the LCs from the substrate 
a light vacuum is applied underneath the substrate and they are drawn through the pores, leaving an 
aligned matrix of CNTs [81].
CNT C)
PC Substrate
Figure 2.16: Process of sacrificial layer alignment of CNT using a porous substrate and thermotropic 
liquid crystals. A) LC-CNT mixture deposited on surface. B) LC aligns under influence of heating and a 
rubbed substrate. C) LC is drawn off through the substrate by the application of a vacuum. Image 
adapted from [81].
The process shown in Figure 2.16 and described above has been used for the alignment of both 
SWCNT and MWCNT with a reasonable degree of alignment. The alignment of 50 % of the CNTs has 
been shown to be within a cone of 25° dispersion from the rubbing direction by AFM measurements 
[81]. This method for CNT alignment has been shown to be practical, however the need for porous 
substrates does create a limitation on the choice of materials that it would be preferable to avoid.
2.7.3 Reactive mesogen -  carbon nanotube composites
To the best of the author's knowledge there has been only one paper on the creation of composites 
of reactive mesogen materials with CNTs, which was performed by Raoul Cervini et al. [82]. In this 
study silane functionalised MWCNTs were combined with an electrically insulating mixture of 
reactive mesogen materials (Merck Chemicals Ltd) with CNT concentrations of up to 5 %wt. This
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mixture was dispersed onto rubbed polymer substrates in films of between 2 and 5 pm thickness 
and fixed into the nematic phase by irradiation with 365 nm light. This method suggests that the 
typically larger size and mass of RM materials can allow loading with higher concentrations of CNT 
within the composite.
The films produced by Cervini's group were analysed for their optical absorption and electronic 
properties. Some results of this analysis are shown in Figure 2.17. Alignment of the CNT within the 
films has been achieved and locked in place as is shown by the loss of characteristic CNT absorption 
peaks when the incoming light is at 90 degrees to the angle of CNT alignment. The conductivity of 
the aligned films is excellent at 3 orders of magnitude better than transparent inorganic conductors 
such as ITO. If the units on this graph are taken to be incorrect then the conductivity is around the 
values seen for other organic electronic materials.
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Figure 2.17: Optical and electronic properties of an acrylate reactive mesogen -  CNT composite[82]. 
A) polarised optical absorbance of RM-CNT composite parallel and perpendicular to alignment 
direction. B) volume and surface conductivity of RM-CNT composites in versus loading percentage of 
CNT.
As the research into composites of CNTs and RMs is very limited, the confirmation of the results 
shown above has not yet been published. It should also be noted that the reactive mesogen - CNT 
composite research that has been published has only focussed on electronically insulating reactive 
mesogen materials. This leaves a gap in the state of knowledge that will be investigated by this work 
by using semiconducting oligofluorene reactive mesogens.
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2.8 The project
As this chapter has shown there is an ever growing community of researchers who believe that self 
assembly methods are a strong candidate for the future of nanofabrication. The advantages of self 
assembly approaches over traditional device production have been outlined in this chapter and so 
the impetus for this project investigating such methods can be understood. There are two main 
streams within the research presented in this thesis. The first is in the creation of CNT-RM 
composites for metallic and semiconducting application. The second stream is the self-disassembly 
of functionalised CNTs for the creation of transparent conducting sheets over large areas.
The research into CNT-RM composites presented in the following chapters can be differentiated 
from previously published work by the use of semiconducting reactive mesogen materials. The use 
of semiconducting RMs means that there is an amount of charge carrier conduction allowed in the 
aligning matrix. This can reduce the hopping junctions between CNTs in the composite and so 
improve on the conductivities obtained from devices. This work is also the first to produce 
semiconducting devices using CNTs aligned by reactive mesogens.
The functionalised CNT disassembly research presented in Chapter 6 is one of many techniques that 
have been published into the possible routes to the creation of transparent CNT conducting films. 
However, the results of this work are original due to the exact nature of the process used to produce 
them. While other researchers have managed to remove functional groups from CNTs and heal the 
defects their attachment causes and relies upon, this work presents the closest conditions to 
ambient that have ever been used to produce such an effect. With some further optimisation this 
points the way to defunctionalisation techniques being possible as a part of printed electronic device 
production.
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3. Analytical Techniques
Several analysis techniques were mentioned in the previous chapter with little attention paid to 
their fundamental usage and applications, in this chapter these aspects will be addressed. The 
analysis techniques that have been used to characterise and compare the work performed in this 
project with previous research will be explained and their applications and limitations will be 
outlined.
This chapter breaks down into four main sections each of which covers one variety of analysis 
technique. The first section is microscopy, which will introduce the techniques used for sample 
imaging on the micro and nano scales. The second is spectroscopy, which introduces techniques for 
the analysis of materials by their interaction with the electromagnetic spectrum by absorptive and 
emissive processes. The third section is chemical analysis, which outlines the various chemical 
analysis techniques used in this project from nuclear magnetic resonance spectroscopy to 
chromatography techniques. Finally, the electronic analysis techniques that relate to the research 
shown in this thesis will be outlined and the calculation of electronic parameters such as mobility 
and sheet resistance will be introduced
3.1 Microscopy
Microscopy is one of the most common techniques used for the analysis of structures with 
dimensions smaller than the millimetre scale. The most basic microscopy technique is the optical 
microscope, which uses a series of lenses to focus light and resolve features that are smaller than 
the typical resolution limit of the human eye. Optical microscopy is limited to imaging structures 
with at least one dimension of 0.2 )Lim or above and relies on the use of reflection or refraction of 
the light passing the material to create an image. Optical microscopy can also be used in 
combination with extension equipment such as polarisers to obtain further information on the 
internal morphologies of a material. This is discussed further in section 3.1.1.
If morphological studies of structure on smaller scales are needed then the resolution limit can be 
overcome by using smaller wavelength sources such as electrons, or by measuring the attractive and 
repulsive physical forces between a very small tip and the material surface. These techniques will be 
discussed in sections 3.1.2 and 3.1.3 respectively.
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3.1.1 Polarised light microscopy
Light microscopy is the quickest way to look at the morphology of films; the principles of operation 
for an optical microscope are well known and have been briefly outlined above. However there are 
some modifications that can increase the amount of information that can be obtained from this 
technique. For aligned materials the standard microscope set up can been modified to include a 
crossed polariser system to create a polarised optical microscope (POM). A scheme of the system's 
beam path is shown in Figure 3.1. The construction of this beam path allows for the polarisation of 
the light incident on a sample, after interaction with the sample the light will reflect before passing 
through a second polariser (also known as an analyser) in front of the objective lens. The addition of 
crossed polarisers in this manner allows for information about the alignment of ordered films to be 
obtained. Incident polarised light on an ordered film will undergo birefringence, which splits the 
polarised beam into two components due to its two axis of refraction; these components are termed 
the ordinary and extraordinary rays. When the ordinary and extraordinary rays pass the analyser 
they will interfere constructively or destructively depending on their orientation. This effect leads to 
a change in the brightness of the image depending on the orientation of the sample with respect to 
the first polariser.
Due to the effects described above, a POM system can be used to analyse the extent of alignment 
within a system. Isotropic systems will show no output response as they only have a single axis of 
refraction. In an anisotropic system the larger the angle between the initial polarisation and the 
refracted ray orientation, the brighter an image will appear. This means that the higher the crystal 
order in a system the larger the contrast between the dark and bright positions when the sample is 
rotated. In a material that experiences thermotropic phase changes, a POM system can also be used 
to find the phase transition points by finding the temperatures corresponding to changes in the 
image from a dark to bright output and visa versa.
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Figure 3.1: Configuration and beam path schematic for a polarised optical microscope. Reproduced 
with permission from M.W. Davidson[l].
The main limitation of the POM system is its large area of focus. The resolution limits of a standard 
microscope apply and so the degree of alignment of a film can be observed but the position and 
orientation of individual nanoscale components within the film cannot be established. A secondary 
limitation is the difficulty in imaging opaque, semi-transparent and translucent materials. If a sample 
is opaque then most of the incident light will be absorbed and an image will not be obtained. If a 
sample is semi-transparent or translucent then there will be a high degree of intensity loss due to 
absorption and the final contrast change between phases or orientations will be difficult to detect.
3.1.2 Electron microscopy
Scanning electron microscopy uses the products of electron collisions with a sample to find out 
about its structure and properties. Four of the main products of these collisions are shown in Figure 
3.2. To obtain these different products the electrons produced by a cathode source are focused using 
a lens system to a spot of between 0.4 nm and 5 nm, with electron energies ranging between 
hundreds to tens of thousands of electron volts. This electron beam can then be manipulated with a 
magnetic field to scan across a defined area of a sample, and the intensity of the different products 
can be analysed to obtain various information about the sample.
The most obvious use of an SEM is to use secondary electrons to produce an image of the surface of 
the sample being observed. A secondary electron is a particle that has had an energy decreasing 
interaction near to the samples surface, and then has been scattered back out of the sample. These 
electrons are typically relatively low energy and have the highest yield of all of the electron beam
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products. As such they are particularly suitable for imaging the sample surface with a relatively low 
amount of noise and due to their low energies they can be directed into a detector by the application 
of an accelerating field. Secondary electron images can be obtained with a high degree of resolution, 
for example 0.4 nm as the smallest resolvable feature in a 60 nm by 60 nm image [2].
Backscattered electrons are those that interact with an atomic nucleus in an elastic collision as they 
pass through the sample. These interactions will happen throughout the sample but there is an 
increasing probability of reabsorption or scattering the further they have to travel through the 
sample on their return journey. As such, while the backscattered electron has a larger interaction 
region than secondary electrons, they will not be observed through the whole depth of a thick 
sample. Due to the elastic nature of backscattering, the electrons output by this method still have a 
high energy and so are very difficult to steer into a detector by the application of an electric field. 
This means that the detector for this type of system has a larger surface area and only picks up the 
fraction of electrons directly incident upon it. Although backscattered electrons have these 
disadvantages they can provide information from deeper within a film (up to 5 pm depending on 
material properties[3]) and so are useful for looking at layered systems where the image required is 
of a higher atomic mass material deeper within the film.
Incident electrons
Secondary electrons
Backscattered electrons
X-ray emission
Sample Interaction region
Transmission electrons
Figure 3.2: The different products of an electron collision with a sample in an electron microscope.
Beyond the use of secondary and backscattered electron detection, the constituents of a material
can be analysed by recording the energies of X-rays emitted from the lower part of the electron
interaction region. X-rays are produced from the incoming electron beam exciting a core shell
electron to a higher energy state. This leads to the formation of an electron hole in the core shell,
which will then be filled by a higher energy electron relaxing into the inner shell state by releasing a
photon[3]. Due to the difference in electron shell energies this photon will generally be in the X-ray
energy range. As each element has a different set of electron shell energy levels, and chemical
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bonding only involves the outer electron shells, the intensity of emission can be plotted against X-ray 
energy to find the relative proportion of different elements within a sample material. The analysis of 
X-rays by this method is termed as energy dispersive X-ray analysis (EDX). Depending on the incident 
beam spot size and the amount of interaction within the sample, resolution of this type of analysis 
can be as small as 1 nm^.
Finally, transmission electrons can also be used to analyse the structure of a material in more depth. 
In a very thin sample it is possible for electrons to pass through with minimal interactions with the 
material and therefore be detected on the opposite side. The amount of electrons that can pass 
through any particular region of a sample is dependent on the material thickness and the atomic 
mass of the elements in that region. A higher mass element, a denser area, or an area with a strong 
local charge are more likely to create interactions with a passing electron and so will produce a 
lower signal at the transmission detector. As the probability of an electron not interacting or having 
only one or two interactions as it passes through the sample is very low, transmission electron 
imaging is typically only performed on very low density materials or materials that have thicknesses 
in the tens of nanometre range. However, due to transmission electrons passing through the entire 
sample, this system is very useful for imaging interfaces within an otherwise opaque material, for 
example the interface between silicon and silicon dioxide in a core shell silicon nanowire.
There are also many more types of scattering interactions and photon producing excitations seen 
within SEM analysis, which can give further information about electron energy transitions and 
electronic structure within a sample. However, these are beyond the scope of this project and so will 
not be covered here.
As this subsection has shown, the SEM is a very powerful tool for imaging and analysing the 
interfaces, surfaces and constituent parts of a sample but it does have one large disadvantage. As 
the technique relies on the bombardment of a sample with a high energy electron beam there needs 
to be a path for the excess scattered electrons to be removed. In a metallic material this is not a 
problem as the sample can be earthed by a connection to the sample holder. However, in an 
insulating or high band gap semiconducting sample this can lead to local charging, which if allowed 
to build up can cause 'skipping' in the image due to displacement of the incoming electrons. Also, in 
samples with weak bonding between constituent elements, interactions between electrons and the 
sample can cause local heating and swelling of the material's structure.
50
3.1.3 Atomic force microscopy
Atomic force microscopy (AFM) is a surface imaging technique that is not reliant on an 
electromagnetic energy input to the sample and so can overcome some of the disadvantages of SEM 
imaging. AFM is a probe microscopy technique that uses the interaction between an atomically 
sharp tip (in reality < 10 nm) and a sample surface to create a map based on the tip displacement 
(Fig. 3.3). To record the displacement of the tip, it is mounted on a cantilever with a reflective end. A 
laser is focussed the end of the cantilever and reflected onto a photodiode array sensor. When the 
tip is displaced the position of the reflected laser is changed on the sensor and the software uses a 
calibration to calculate the magnitude of the tip displacement. There are three common imaging 
modes used within AFM, these are contact mode, non-contact mode and tapping mode.
When imaging in contact mode, the tip is placed in contact with the sample surface with a constant 
pressure. As the tip is scanned across the surface it will be displaced by height changes in the 
sample. This is a highly sensitive imaging mode that has a vertical resolution limit of as far as 0.1 nm 
and a lateral resolution limit of 5-10nm[4], depending on the tip radius. However, this is hard to 
achieve due to secondary effects such as lateral forces and capillary formation in a humid 
environment[5]. In addition, contact mode measurements have the potential to damage the sample 
and dirty the AFM tip when imaging soft samples due to the contact force and lateral scanning of the 
tip.
Damage to the sample and tip can be avoided by the use of a non-contact mode of scanning. In the 
non-contact regime, attractive forces between the tip end and the sample results in the 
displacement of the tip. These are the group of forces generally described as van der Waals. The tip 
is scanned across the surface at a tip - sample separation of around 2-3 nm. The van der Waals 
attraction between the tip and the sample will cause a detectable displacement of the tip. This mode 
means that the tip is scanning at a set height and so is not suitable for films with high roughness or 
large steps in surface height, as the tip will crash into the sample. Also, due to the weak nature of 
the surface interaction, this imaging mode has a worse vertical resolution that is limited by the tip- 
sample separation, although due to the reduction in lateral forces it can have a lateral resolution of 
down to 0.5-1 nm.
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The final imaging mode discussed here, is one of the most commonly used for nanomaterial analysis 
due to its having the most desirable properties from the previous two methods. In tapping mode, 
the cantilever is oscillated above the substrate with a set driving frequency, and the photo sensor 
measures the frequency of the tip oscillation. Depending on the tip separation from the sample in 
each part of its oscillation the tip it will experience either van der Waals attraction to, or 
electrostatic repulsion from, the sample surface. These forces modulate the oscillation of the tip and 
so create a difference between the driving and measured oscillation. The amplitude and phase 
differences are recorded and from these the surface height is inferred. This method can give vertical 
resolutions up to 0.5 nm and lateral resolutions of as low as 1 nm (depending on tip radius). The 
image outputs from this mode can be recorded as height, amplitude, and phase. The height and 
amplitude images give similar surface images as those produced by contact and non-contact modes. 
The phase image gives a little more information about the nature of the material just below the 
surface due to the phase difference being produced by material interactions in both the attractive 
and repulsive regime. In composite systems of organic with inorganic materials the phase image can 
give a higher contrast between the types of material near the surface and so make it easier to 
analyse the behaviour of the individual components of the composite.
AFM measurements are a very useful surface imaging technique at small (nm to pm) scales and can 
help to differentiate between different components of a composite. However, it can only provide 
information about surface and near surface properties and contains no information about the 
composition of the bulk of films [5]. Samples with a high surface roughness can also present a major 
risk of damage to the sample and tip due to high response times of the tip position to sample height.
3.2 Spectroscopy
As was noted in the previous section it can be difficult to analyse the bulk properties of thick 
(>50 nm) films by microscopy methods. If the films have components with a bandgap that fits
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between infra-red and ultra violet (UV) on the electromagnetic spectrum, then its bulk properties 
can be better investigated with the use of spectroscopic methods. This section describes the 
commonly used spectrographic methods used within the rest of the thesis.
3.2.1 UV-visible absorption
Any material that interacts with light (i.e. non-transparent materials) will have a .characteristic 
absorption spectrum. This spectrum is reliant on the excitation of electrons by incoming photons 
and so the specific wavelengths of incoming light that cause an excitation can give information on 
the gap between electron energy levels for a material.
Both single elements and molecular building blocks (e.g. an amine group) will have an associated 
peak in absorption at a photon energy equal to the transition between an occupied and unoccupied 
electron energy level. There are two different types of level that the electron can be excited to. The 
first is a higher electron energy level and the second is a different vibrational energy state. The 
strongest absorptions seen in UV-Visible (UV-Vis) spectroscopy are transitions between energy levels 
(Fig. 3.4). In the case of molecules these are generally between the highest occupied molecular 
orbital (HOMO) and lowest unoccupied molecular orbital (LUMO) levels.
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Figure 3.4: Energy transitions between the different molecular energy levels, n is the non-bonding 
levels (un-bonded high shell electrons), n and a are the bonding electron energies for n/ a bonds 
and those with a * are the respective anti-bonding states for their bond types. Due to the typical 
energy gaps created by these energy levels molecular electronic materials tend to have transitions 
from the n and n levels and very few interactions with the stronger bonded a electrons.
As molecular electronic materials generally have pi-conjugated bonds that lead to their electronic 
properties, they also tend to have a pi-bond as their HOMO level. This leads to the majority of the 
detected absorption transitions being in the pi-bond to higher range. The use of very high energy
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systems can generate transitions from the sigma levels but these transitions are often destructive to 
the sample studied.
UV-Vis spectroscopy uses light in the range of near ultra violet to the visible range (3000-200nm) to 
obtain information about the amount of light transmitted by a sample at each wavelength across the 
UV and visible spectrum. From this, the percentage transmission, the absorbance and the 
transmittance can be calculated. The absorbance spectra for a particular material can be used as a 
molecular fingerprint as each point of high absorbance is caused by an individual molecular orbital. 
Due to the large range of values that it is possible to have for a material's molecular orbitals, the 
selection of transitions available for an electron is unique to each molecule.
The optical beam path of a UV-visible spectrometer is shown in Figure 3.5. The light source is 
generally a combination of two or more bulbs that cover the range from around 200 to 3000nm. The 
light emitted from these sources is passed through a monochromator so that only one wavelength 
passes into the sample camber at a time. The monochromatic light is then split into two paths and 
passed through a chopper so that only one path is lit at any one time. The first path passes through a 
reference sample, this is typically a clean substrate from the same batch as the substrate used for 
the sample being analysed. The second path passes through the sample being analysed. The two 
beams then continue into the detector, which is set to record values for the two samples at the 
same frequency as the chopper. The intensity of the incoming light is compared for the two beam 
paths and any difference is recorded as the change in transparency of the sample. The use of a 
reference beam allows confidence that all peaks in absorption are 'real' in the sense that they are 
not artefacts of the monochromator or the source intensity spectrum.
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Figure 3.5: The beam path for a UV-visible spectrometer. 'BS' indicates a beam splitter, 'M ' a mirror, 
'R' the reference sample and 'S' the sample being analysed.
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To complete a measurement, a background spectrum for the machine and any substrate materials is 
taken to remove artefacts belonging to those materials. The sample spectrum is then measured 
against its substrate reference and the background signal is removed by dividing the sample 
spectrum by the background. The series of absorption peaks in the processed spectrum can then be 
related to the allowed transitions of electrons in the molecular energy levels.
The UV-Vis absorption spectrum is unique to a material and so can be used to analyse the different 
components of a composite[6], analyse the active wavelengths for a photovoltaic device such as a 
solar cell, or to confirm the completion of a chemical reaction[7]. As such this is a commonly used 
technique in chemical synthesis and materials science. With the addition of extra parts such as a 
polariser this technique can be used for further purposes, which is discussed in the following 
subsection.
3.2.2 Polarised UV-visible absorption spectroscopy
The polarised light used in a spectrometer can have a large effect on the resulting spectra for some 
materials. In a one dimensional system such as a carbon nanotube there is no absorption along the 
two quantised directions. This is due to the effect that if the incoming radiation is not aligned with 
the long dimension of the one-dimensional material, then the cross section of the material will be 
less than the wavelength of the incoming light and there can be no interaction. This effect allows for 
the use of polarised absorption spectroscopy to analyse the degree of alignment in one dimensional 
material samples by rotating the linear polarisation of the incident light and observing the change in 
absorption peak height. The experimental set up for this technique is similar to that of non-polarised 
UV-visible absorption with the addition of a linear polarisation set up added into the sample beam 
path (Fig. 3.6).
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Figure 3.6: Beam path diagram for a polarised absorption spectrometer. 'BS' signifies a beam 
splitter, 'M' a mirror, 'DP' a linear depolariser, 'Pol' a rotatable linear polariser, 'R' a reference 
sample and 's' the sample being analysed.
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The introduction of a rotating polariser makes the UV-Vis spectrometer able to investigate the 
alignment of one-dimensional materials such as CNTs. As the CNT is only optically active in the UV 
and visible light spectrum along its long axis, a linearly polarised incoming signal will only interact if 
the angle between the source polarisation and CNT alignment direction (0) is small. Figure 3.7 shows 
an example of such an analysis for SWCNTs aligned in an epoxy crystal. The three characteristic 
peaks for CNT (A, B and C) are shown at 1.3, 2.1 and 3.0 eV respectively, with peak A having a 
shoulder at 1.15 eV. These characteristic peaks are strongest at 0 = 0° and 10° and reduce rapidly 
beyond these angle. This effect is due to the small spread of alignment direction within the CNT 
sample that allows for the optical absorption over a slightly larger range of 0.
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Figure 3.7: Polarised absorption spectra of aligned CNTs with changing angle (0) between alignment 
direction and polarisation[8].
3.2.3 Infra-red absorption spectroscopy
The technique used to gather infra-red absorption data is Fourier transform infra-red (FTIR) 
spectroscopy. Rather than using a monochromatic source and scanning through the wavelengths, as 
is done in UV-visible spectroscopy, Fourier transform spectroscopy uses a polychromatic source and 
an interferometer method to record the absorption of the sample as each wavelength is blocked 
(see Fig. 3.8). This analysis gives a plot of interferometer mirror position versus intensity at the 
detector. By performing a Fourier transform of this data the absorption spectrum of the sample can 
be reconstructed. The advantages of using this system over a monochromator system are in the 
higher throughput allowing for multiple scans in the same time to reduce the signal to noise ratio of 
the final spectra.
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Figure 3.8: Beam path of an FTIR spectrometer[9]. The movement of the mirror in the right of the 
system allows for the interference of the split beams when recombined at the beam splitter to 
create a series of blocked wavelengths dependant on the path difference between the split beams.
As the energy spectrum of IR light is lower than that of visible light, the interaction with a sample 
leads to the bending and stretching of the bonds between atoms in a molecule. Each bond type has 
a characteristic wavenumber at which it will absorb that causes bending of the bond; and a different 
wavenumber it will absorb to cause stretching of the bond. The characteristic wavenumbers of 
absorption for each bond are related to the bond strength and initial bond angle. This leads to the 
shifting of absorption peaks dependant on the surrounding bonds and the distortion of a molecule 
shape that they cause. Due to these effects FTIR spectroscopy is a very powerful method for 
analysing the chemical structure of a material. The frequency ranges of some common bonds 
interactions in FTIR are shown in table 3.1.
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Table 3.1: Frequeny ranges of some common bond vibrations in infra-red spectroscopy interactions.
Source: Dr. N. Glagovich teaching pages [10].
Bond Type Compound Frequency range (cm )^ Strength
1260 Strong
Methyl 1380 Weak
2870 Medium
Alkyl 2960 Medium
C-H 1470 Strong
Methylene 2850 Medium
2925 Medium
Benzene 3070 Weak
Aromatic Monosubstituted 700-750 Strong
Benzene 690-710 Strong
Acyclic
Monsubstituted
alkenes 1645 Medium
Disubstituted alkenes 1655 -1675 Medium
Dienes 1600 Strong
Conjugated 1650 Strong
C-C
With benzene rings 1625 Strong
With C=0 1600 Strong
sp  ^C=C any 1640-1680 Medium
1450
Aromatic C=C any 1500 Dependent on
1580 compound
1600
Aldehyde all 1725 Dependent on conjugation
Saturated 1710
C=0
Unsaturated/aromatic 1680-1690
Carboxylic acids Anhydrides
1760
1820
Amides 1650
Amino acids 1550-1610
0-H Alcohols Low concentration 3610 -  3670
High concentration 3200 -  3400 Broad
Carboxylic acids
Low concentration 3500-3560
High concentration 3000 Broad
Some of the peak frequencies in table 3.1 overlap and in a real sample's spectrum this becomes a 
problem. It can become increasingly difficult to isolate the bonds present in larger molecules. 
However, by combining the information from this technique with mass spectroscopy techniques the 
structure of a material can be empirically calculated. A more common use of the FTIR spectrum of a
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material is to compare the initial spectrum of a material with the post reaction spectrum to analyse 
the progress of the reaction and the possible changes to the material.
3.2.4 Raman spectroscopy
Raman spectroscopy is based on the principle of Raman scattering. This is an inelastic light scattering 
process that involves the excitation of an electron to a virtual energy state by an incoming photon. 
When the electron relaxes from its excited state it can transition into a state with a slightly different 
energy to the original state due to a change in the bond's rotational or vibrational position. The two 
possible outcomes of these inelastic relaxations are shown in Figure 3.9. The first is the loss of 
energy in the virtual state by relaxation to a higher energy state (a Stokes scattering process); the 
second is the gain of energy in the virtual state by relaxation to a lower energy state (Anti-Stokes 
scattering). By looking at the energy of emitted photons with energies different to the exciting 
photon the possible energy states of a bond can be analysed.
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Figure 3.9: Route to Raman scattering of light from an incoming source by phononic relaxation, a) 
the stokes scattering process, b) anti-stokes scattering process.
As well as investigating the possible energy states of a bond, the Stokes and Anti-Stokes scattering 
processes can provide a fingerprint of the phonon resonances of a material. These resonances, when 
combined with information about the structure of a material, can provide detailed information 
about its structure. Due to this, Raman spectroscopy is an excellent system for the analysis of CNTs 
because of their strong and unique phonon resonances. A relatively simple Raman analysis can 
provide information on the purity, relative defect concentration, diameter and chirality of CNTs. As 
such Raman spectroscopy will be the main technique utilised in this work to analyse CNT film quality. 
CNT phonon interactions provide 5 main peaks that are of interest for analysis; these are termed the 
G\ G , D, G' (or D overtone) and RBM peaks[ll].
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The radial breathing mode or RBM peak is produced by the stretching of carbon bonds from 
movement perpendicular to the plane of the bonds, hence breathing mode as it is produced from an 
oscillation around the CNTs resting circumference. The wavenumber of the RBM peak is related to 
the CNT diameter by equation 3.1. Where corbm = RBM wavenumber (cm'^), d = CNT diameter and C = 
scaling factor (248 on silicon substrates[12]).
^RBM ~  ^  (3.1)
The RBM is a first order Raman interaction (single phonon decay) and so is generally a strong peak in 
the CNT spectra, as long as the CNTs are single walled and have a reasonably narrow dispersion of 
diameters. Multiwall CNTs and CNTs with a large dispersion of diameters lead to smearing of the 
RBM peak and so make it harder to distinguish the main peak from the noise of other CNT diameter 
peaks.
The other first order Raman interaction peak is the G peak, which is an in plane oscillation of carbon- 
carbon bonds. In the presence of a mixture of semiconducting and metallic CNTs this peak splits into 
a doublet peak or a G^  peak with a G‘ shoulder. The G peak is a characteristic of hexagonally bonded 
carbon and so is seen in all such systems (CNTs, Ceo 'Bucky balls', graphene etc). However, the peak 
splitting effect is only seen in tubular CNTs or spherical Ceo as it is caused by the confinement of 
bond oscillations around the structure circumference. The G"^  peak is seen at around 1590 cm'^ 
wavenumbers and is produced by oscillations in the long tube axis. The G peak is seen at 1570 cm'^ 
wavenumbers and is produced by oscillations in the circumferential direction, hence only being seen 
in circumferentially confined systems. The profile of the G' peak is strongly affected by the diameter 
and so the electronic properties of a CNT. The characteristic peak for a semiconducting CNT has a 
Lorentzian shape but in a metallic CNT the peak shape is the more asymmetrical Breit-Wigner-Fano 
type. The G^  peak is highly sensitive to electronic doping of CNTs with an increase in peak frequency 
being related to p-type dopants, and a decrease related to n-type, but unlike the G' peak it is 
unrelated to the CNTs physical properties. An illustration of these peaks is shown in Figure 3.10.
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Figure 3.10: RBM, D, G" and peaks of a typical isolated SWCNT for different excitation 
frequencies[13].
The phonon interactions outlined so far have been first order processes meaning that they involve 
the scattering of only one phonon. The D and G' peaks are more complex processes involving double 
scattering interactions that are termed second order processes. These processes allow an electron to 
be scattered back to its original resting energy state. An example of a second order process is an 
electron absorbing a photon at state 1, scattering to state 2, scattering back to state 1, and finally 
emitting a photon by recombining with a hole in state 1. The two scattering processes can be either 
photon or phonon interactions. In the scattering interaction that is responsible for the D peak, the 
first phonon scattering process can only exist in a defect site[14]. This is due to the breaking of 
symmetry across the regular hexagonal lattice, which changes the possible energy of phonons that 
are produced at that site.
The D peak is seen at around 1300 - 1350 cm^ wavenumbers (see Fig. 3.10) and as its intensity is 
strongly influenced by the concentration of defects it can be used as a part of the analysis of defect 
concentration in a CNT sample. As the measured Raman intensity for any scan is dependent on the 
morphology of the region being measured, it would be deceiving to directly infer relative defect 
concentrations of separate samples by the comparison of their D peak intensities. However, it has 
been shown that the ratio of the G and D peak intensities produces a value that is comparable 
between films[15]. A highly defective CNT produces a G/D ratio approaching 1 and the value gets 
higher as the defect concentration decreases[16]. If the G/D ratio is below one then the inference
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can be made that a large proportion of the sample contains carbon materials that are not in the 
form of CNTs.
The G' peak is the second harmonic of the D peak and so is seen at twice the frequency of the D peak 
(around 2700 cm'^ wavenumbers). This peak is produced by two phonon interactions that are 
possible within a hexagonal lattice and so its shape and intensity is not altered by defect 
concentration in the way that the D peak is. However the position of the G' peak is dependent on 
the charge carrier doping along a CNT. The frequency of the G' peak is increased by the addition of 
acceptor groups to the CNT side wall and decreased by donors. This effect has not been properly 
related to the electronic properties of the CNT being studied and so cannot be considered 
quantitative. Despite this it does still give a visible impression of the addition or removal of charge 
carriers from the CNT valence band [17].
3.3 Chemical analysis
There are many techniques for probing the chemical structure of a material during synthesis and 
processing. In this section some of those used in the synthesis and analysis of organic polymer 
materials will be described. This is by no means a limiting list of possible techniques but covers those 
techniques used for the purposes of this project. There are two different types of technique 
described here; firstly those used for the investigation of a material's properties, such as thermo 
gravimetric analysis, differential scanning calorimetry and gel permeation chromatography. 
Secondly, the techniques for investigating the fundamental chemical structure of a material, such as 
nuclear magnetic resonance and time of flight spectroscopy.
3.3.1 Thermo gravimetric analysis
Thermo gravimetric analysis (TGA) is a very simple form of chemical analysis that measures the 
change of mass in a sample, either with respect to temperature or with respect to time for a 
constant temperature. This provides information on many different chemical processes such as 
decomposition, absorption, adsorption, vaporisation and sublimation. The process of TGA relies on a 
highly accurate scale and furnace system. A known amount of the material to be analysed is added 
to a weighing boat. The boat is then heated in the furnace and the mass change of the material 
recorded. If the mass change is plotted against temperature for a fixed heating and cooling rate, 
then the resultant trace gives information about the thermal stability of the material in the furnace 
conditions (surrounding gas, pressure etc.). If the mass of the material increases with time there is 
an additive reaction such as adsorption or absorption occurring with the surrounding atmosphere.
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More commonly the output plot will show a loss of mass over a certain temperature. The turning 
point of this mass loss is defined as the onset temperature and is the minimum temperature at 
which the material being analysed is evaporated, sublimated or decomposed. In the case of an 
evaporation or sublimation process, this mass loss will typically be a steady decrease that can be 
further analysed by operating the TGA in the constant temperature mode.
For the purposes of this project we are interested in the decomposition properties of materials. The 
onset of the first mass loss in the case of a decomposing material is defined as the decomposition 
temperature and can be taken as the maximum process temperature the material can be exposed to 
without altering its properties. At temperatures higher than the decomposition temperature, there 
are typically a series of mass losses that are identifiable by analysis of the derivative mass loss 
against temperature. The derivative mass loss against temperature plot gives a series of peaks that 
generally comply with the rule that each derivative mass loss peak is caused by the removal of a 
single component of the sample being removed. The gradient of the mass loss against temperature 
graph within the boundaries of a derivative mass loss peak can be used to calculate the mass of a 
component that is present in the sample as a percentage of the total weight. If an inert gas flow such 
as nitrogen is added to the TGA furnace the output can then be passed into a mass spectrometer 
(MS) to give further information about the materials lost. With this addition a TGA can become a 
powerful tool for the analysis of chemical substances by producing an analysis of the components of 
a sample along with the relative mass of each within the material.
3.3.2 Differential scanning calorimetry
Whilst analysis techniques such as TGA can give information about the loss of material from a 
sample, they give limited information about the changes in phase and non-evaporative losses. 
Differential scanning calorimetry (DSC) allows for these effects to be taken into account in the 
analysis of a chemical sample[18j. The material property relied upon for this analysis is specific heat 
capacity. That is the amount of energy required to be added to a system for an increase in sample 
temperature of 1“C. The specific heat capacity of a chemical sample is dependent on its bonding and 
phase, and so by measuring the energy input required to increase the temperature of a sample, the 
transition temperatures between states of matter for that material can be obtained.
A DSC system uses two sample pans in a chamber with an inert atmosphere. The first pan contains 
the sample to be analysed and the second is left empty as a control. Each pan has a temperature 
sensor attached to it and heating element below it. The temperature of the pans is increased at a 
pre-set constant rate (AT/At) and the heat flow (AQ/At) needed from each heating element to keep
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the heating rates constant is recorded. The heat flow can be recorded as exothermic or 
endothermie, in this project we will focus on the exothermic heat flow case.
Figure 3.11 shows a set of peaks that are commonly seen in an exothermic flow DSC scan. As the 
material's phase changes the energy needed to increase its temperature changes as described 
above. In the scan shown the crystallisation, cross-linking and decomposition peaks increase the 
energy input, whereas the melting peak decreases it. This is understandable as the only transition 
that would lead to the release of bonding energy and so decrease the required energy input is the 
melting transition. Crystallisation and melting peaks have the same (although inverted) shape, this is 
due to them being a single energy input or output from the forming or breaking of crystalline 
structure within the material. These processes have only a small effect on the overall specific heat 
capacity of the material and so they display a Gaussian curve shape. The crystal transition 
temperature (TJ and melting point (Tm) are measured from the turning point of their respective 
peaks.
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Figure 3.11: Characteristic phase transition peaks in an exothermic up DSC scan. Reproduced from 
Lukas and LeMaire[18].
The glass transition temperature is the amorphous softening of the film before melting and its
transition temperatures (Tg) are assigned to the midpoint of the temperature range of the transition.
The crosslinking curve is similar to a crystallisation curve with a far wider temperature range; this is
due to the statistical nature of bonding in thermal crosslinking. The thermal crosslinking
temperature (Taoss) is taken from the onset of the crosslinking curve. There are two further phase
transitions seen in liquid crystalline materials. These are the smectic and nematic phase transitions.
These transitions take the form of sharp peaks in the same plane as the crystallisation peak. The
nematic phase transition is often very small for broad range scans, and so can be difficult to spot.
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The transition temperatures for these phases ( I n ,  T sm ) are measured from the tip of the peak. For 
more discussion of the order of phases see section 2.6.1.
3.3.3 Gel permeation chromatography
Gel permeation chromatography (GPC) is a high precision liquid chromatography method for 
calculating the spread and magnitudes of the molecular mass of materials in a mixture[19]. In the 
field of polymeric materials GPC is often used to quantify the number of monomers in an average 
polymer chain and the spread of lengths around that average. The system works by pumping a 
sample in a solvent such as THF through a column packed with a porous hydrophobic material[20]. 
The set-up of a GPC system and a graphic of the interaction between sample molecules and the 
porous packing material are shown in Figure 3.12. The pores in the column packing material are the 
active site of the interaction that creates separation in GPC through the capturing of smaller 
molecules to slow their drift velocity. As such the choice of pore size is crucial to the effectiveness of 
the system. Most GPC systems use a multiple column system with differing pore size materials, this 
is due to the ranges of molecular weights that each column packing material will operate. Using 
multiple packing material types allows for a wider range of molecular weights to be separated at 
once.
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Figure 3.12: A) Solvent path for a GPC System with 3 columns. B) Interaction between sample 
molecules and porous column packing material. Small molecules pass deeper into the pores in the 
packing material and so take longer to wash out and pass through the column slower.
The sample is carried through the columns by a carrier solvent and at the end of the path this
solution is analysed to find the molecular weight of the molecules held in it as well as the
concentration of those molecules. These values are plotted with concentration versus molecular
weight and can be used to find the weight average molecular weight (Mw), number average
molecular weight (Mn) and the coefficient of variation (C v )  of a material sample[21j. The simplest of
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these values to calculate is the number average molecular weight, the calculation of this is shown in 
equation 3.2 where Mi is the molecular weight of a polymer and N| is the number of polymers with 
that particular weight.
M„ =  (3.2)
Essentially the number average molecular weight is the total molecular mass of the sample divided 
by the number of molecules making up that mass. A more accurate description of the actual peak of 
the dispersion of molecular weights is the weight average molecular weight, which is described by 
equation 3.3.
=  iS
In this case the mass of each molecule is given a weighting so that the average is of the highest peak 
in terms of molecular weight rather than number of molecules. The final piece of information that is 
useful for this project that can be obtained by GPC is the dispersity (D), also known as the 
polydispersity index. This value is calculated by equation 3.4 and is related to the spread of 
molecular weights in the material sample.
B = ^  (3.4)
The dispersity parameter is the ratio of weight average molecular weight to number average 
molecular weight. This ratio must be one or larger, when it is equal to one the sample is mono- 
disperse. As the magnitude of the dispersity of a sample increases the number of different mass 
molecules in a sample also increases. This factor is important due to the negative effects that having 
a mixture of molecular weights can have on the desired physical and electronic properties of a 
polymer[19].
3.3.4 Nuclear magnetic resonance spectroscopy
Nuclear magnetic resonance (NMR) spectroscopy is a technique that uses the response of atomic 
nuclei to a strong magnetic field to obtain detailed information about the structure, dynamics, 
reaction state, and chemical environment of molecules and the elements they contain. The 
resonance states of nuclei in a molecule are strongly affected by the local magnetic field and so 
small changes in chemical structure allow a noticeable change in a molecule's NMR spectra to be 
recorded. As such it has become one of the most common analysis techniques for the identification 
of the purified organic products of a chemical reaction. In this work NMR spectroscopy is used for
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the comparison of synthesised organic compounds with previous reactive mesogen materials. This 
analysis allows confirmation of the material's chemical structure and that all catalyst particles and 
intermediate products have been purified out.
As mentioned above NMR spectroscopy relies on the flipping of nuclear spin states in a magnetic 
field. This effect is only evident in certain atoms that display possible nuclear spins of ±34, such as 
hydrogen, carbon 13, nitrogen 15 and fluorine 19. When referring to NMR spectroscopy the element 
most commonly used is hydrogen. However, detectors have been developed for all of the other 
elements mentioned[22]. A spin 34 nucleon has a small magnetic moment that will orientate with or 
directly against a strong magnetic field when it is applied. Protons that align with an applied field sit 
in the lower energy a-state and those that align against the applied field sit in the higher energy p- 
state. When a proton is subjected to a pulse of radiation equal in energy to the energy gap between 
the a  and p states it will flip spin direction. As it relaxes back to its original state the proton releases 
energy that can be detected for analysis. The energy gap between the high and low field states is 
strongly dependant on the magnetic field strength and the bond types surrounding that atom. As the 
energy gap between the energy states available for nucleons is so small, the signal strength is very 
small. This leads to a relatively low resolution between different transition types unless the aligning 
magnetic field is very large (typically around 10 -  20 T). At these field strengths in modern hydrogen 
NMR systems the frequency of the excitation radiation from nuclear spin relaxations is in the range 
of 60 to 600 MHz.
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Figure 3.13: Effect on NMR frequency shift of different local magnetic field strengths[22].
As has been mentioned above, the relaxation of spin states results in a release of energy, which is
detected and used for analysis. However, for this analysis to be useful there must be a change in the
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magnitude of energy shift between different nucleus positions on a molecule. This difference is 
produced by the effect of shielding from the local magnetic field. Figure 3.13 shows the effect of the 
local magnetic field on the final frequency shift of the NMR signal. The local field counteracts the 
applied magnetic field and so a higher local field leads to a lower effective field experienced by the 
nucleons. As was mentioned previously the size of the magnetic field experienced by the nucleon is 
inversely proportional to the frequency at which the nucleon will resonate and generate a signal.
The local magnetic field that generates the resolution between peaks in the hydrogen NMR 
spectrometer is a product of the surrounding molecular environment. This allows the inference of 
bonding and structure in molecules that contain non-hydrogen elements, as all of the atoms 
surrounding each hydrogen nucleus have an effect on the local field strength. Each individual 
hydrogen-containing group has its own characteristic frequency. Further to this each geometrical 
arrangement of the group will also create a slight shift in the peak frequency. As such, a group that 
contains a cis and a trans geometrical isomer will create two peaks that are in close proximity.
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Figure 3.14: Table of the typical chemical shift values for hydrogen NMR spectra of common organic
materials [23].
The ranges of peaks for some common bond types analysed by hydrogen NMR spectroscopy are 
shown in Figure 3.14. It is noticeable that the x-axis in this plot is measured in chemical shift, this is a 
value that is designed to make the peak positions of each group independent of the operating 
frequency and magnetic field strength of the spectrometer used for the measurement. The chemical 
shift (units ppm) is produced by comparison of the resonant peaks of the sample with the position of 
the peaks from a known control chemical such as tetramethylsilane. The control chemical is chosen
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to be a highly volatile material with an easily recognised and removable resonance peak far to the 
right of most NMR signals. This peak is used as a known position to subtract the frequencies of all 
other peak positions from, to give the shifted value Ashift- This value is then divided by the operating 
frequency of the particular spectrometer (/) to create a scaled spectrum that should be the same for 
all NMR systems. The calculation chemical shift (5) is shown in equation 3.5.
5 =  ^  (3.5)
The previous paragraph has covered the assignment of group types from the position of NMR peaks, 
but more information about a molecule can still be obtained from the peak height and widths. By 
integrating the area under each peak the relative concentration of the bond types can be obtained. 
The ratio of the integrals is directly proportional to the number of each type of bond present in the 
molecule. The final factor that can provide structural information about the molecule being analysed 
is the presence of peak splitting. The position of each resonating nucleon in relation to the nearest 
carbon-carbon bond causes peak splitting, which follows an N+1 rule where N is the number of 
equivalent resonating nucleons around the C-C bond. For example, in a hydrogen NMR spectra of 
ethane there would be a quintet (five way) splitting of the peak related to the side bonding 
hydrogen protons and a triplet (three way) splitting of the peak related to the end hydrogens. This 
splitting effect only operates for molecules with symmetry that allow multiple hydrogen atoms with 
the same local magnetic field strengths. Splitting also relies on the hydrogen atoms being within 4 
single bonds of each other due to it being a local symmetry effect. The importance of splitting in the 
determination of chemical structure is in locating the relative position of group bonds. From all of 
the information that is obtained from an NMR spectrum and a suitably large amount of computing 
power the structure of any analysed molecule can be determined.
3.4 Electronic analysis
The analysis of electronic properties of films in this project is all performed using the same piece of 
equipment, the Keithley 4200 semiconductor parameter analyser. The difference in the analysis 
techniques for devices is the change of device structure and measurement parameters. There are 
two main modes of electronic analysis that this section will focus on. The first are two probe 
measurements that are used to investigate the properties of metallic materials. The second are 
three probe measurements that can characterise semiconducting materials in transistor devices.
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3.4.1 Two probe resistance measurements
Metallic electronic materials are traditionally characterised by their conductivity or (the inverse of 
this property) resistivity. This parameter is a measure of the current density in a material at a given 
electric field and is independent of the measurement area dimensions. The empirical calculation of 
conductivity relies only on measuring the resistance of a material and its dimensions and so is a 
standard exercise. Two probes can be used to measure the relationship between voltage and current 
for the material, which gives a measure of the total resistance of the region being measured and the 
dimensions can be simply measured. However, this method does not take into account outside 
effects on the total resistance such as contact resistances arising from a non-ohmic contact between 
the probe material and the sample. The traditional conductivity measurement methods also 
struggle with characterising very thin (approaching nanometre range) films as a small error at these 
scales is magnified during the material volume calculation to cause a large error in the resulting 
conductivity.
Two methods have been developed to solve the problems caused by attempting to measure thin 
films. The first is four probe resistance measurements where contact resistance errors are removed 
by a set up where the application of the bias and measurement of the current take place at different 
points over an in line four probe structure. This method is very effective for the removal of contact 
resistance but still suffers from the magnification of small errors when measuring the conductivity of 
thin films. The second method is the use of a complimentary parameter called sheet resistance. 
Sheet resistance (Rs) is a resistivity measurement that assumes a two dimensional material. This 
means that the errors from thin films can be removed. The contact resistance is also calculated 
during sheet resistance measurements meaning that this source of error is also removed during the 
calculation process. To calculate sheet resistance, the total resistance of a thin film is measured at a 
series of different contact separations by performing two contact IV measurements[24]. These sheet 
resistances are then plotted against contact separation to produce a plot similar to the one shown in 
Figure 3.15. The definition of sheet resistance is;
R s = R t W / L  (3.6)
Where Rs = Sheet resistance, Rj = total resistance, W= contact width and L = contact separation. The 
gradient of the plot in Figure 3.15 is total resistance per unit length and so equation 3.6 can be 
rearranged to show:
Gradient = Rt/ L =  Rs/W (3.7)
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As was mentioned previously this plot also separates the contact resistance (Rc) parameter, which is 
a useful way to ensure that the nanomaterial-metal contact is of the same quality for all samples. A 
batch of samples with different processing parameters for the conducting nanomaterials can be 
expected to have different sheet resistances. However, if the effects of nanomaterial concentration 
and potential barriers at the contact interface can be disregarded then the contact resistance should 
be similar between all samples.
Gradient = R AV
Y intercept = 2 R^
Contact separation (m)
X intercept = 2 T ^
Figure 3.15: Example total resistance vs. Contact separation plot. Where Rc = Contact resistance, Rs 
= Sheet resistance, W= contact width and TL = transfer length.
The sheet resistance of a material is comparable to the resistivity and as such can be thought of as 
the inverse of the sheet conductance. This means that for an ideal metallic material the desire is for 
the lowest possible sheet resistance. Sheet resistance is comparable between materials as long as all 
films measured are thin enough to assume near charge quantisation in that plane (often taken to be 
below ~50 nm[25]).
3.4.2 Three probe semiconductor measurements
Semiconducting materials require more sophisticated measurements to benchmark them against
each other than metallic materials. While there are many different semiconducting device
structures, one of the best understood and thus easiest to create comparisons between materials is
the field effect transistor (FET). The structure of a PET is a semiconducting material between two
electrodes termed the source and drain. These are covered by a layer of insulating dielectric material
and a gate electrode. The application of a bias to the gate electrode creates an electric field across
the dielectric layer and allows a modulation of the current density in the semiconducting region. An
output current is then obtained by the application of a bias between the source and drain contacts.
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The standard techniques for the measurement of FET devices are the recording of their transfer and 
output characteristics[26]. These measurements are performed on the Keithley 4200 semiconductor 
parameter analyser with three probes assigned to the source, drain and gate electrodes. The output 
characteristics of a FET describe the change in drain current (Id) as the drain voltage (Vd) is swept 
through a continuous series of values, this measurement can be repeated for multiple gate voltages 
(Vg) to show modulation of charge density under a change in local electric field.
Figure 3.16 shows typical metal-oxide-semiconductor FET (MOSFET) device schematics and the 
output characteristics over a large range of drain voltages. (A) shows the linear behaviour exhibited 
at low drain voltages. In this regime the gate voltage has drawn a negative charge to the top of the 
semiconducting region creating an inverted charge layer in which a current flows between source 
and drain electrodes. (B) shows the effect of increased drain voltage leading to a decrease in the 
voltage drop around the drain contact. This reduces the penetration of the inverted region and so 
creates a nonlinear voltage current relationship. (C) shows the saturation or pinch-off point, this is 
the drain voltage at which the inverted region around the drain contact is entirely removed and so a 
maximum current is reached. Beyond this voltage is the saturation region (D) where an increase in 
drain voltage no longer has an effect on the magnitude of the drain current. In the case of drain 
voltages above the saturation voltage (Vsat) the charge carriers are swept across the gap between the 
inverted region and the contact by the electric field. As the magnitude of the electric field is 
proportional to the size of the gap that the charge carriers are being swept across, the resultant 
current becomes a constant value. The altering of the gate bias has an effect on the initial size and 
density of the inverted region, and so an increase in the gate voltage will allow for a higher 
saturation voltage and as a result of this, a larger maximum current.
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Figure 3.16: Progression of the output characteristics of a typical MOSFET device with an n-type 
channel at gate voltages higher than the threshold voltage (Vjh) [26]. A) small drain voltage, linear 
regime, Vd «  Vg-Vth; B) larger drain voltage, nonlinear regime; C) saturation voltage, pinch off; D) 
greater than saturation voltage, saturation regime.
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In an FET device that is corhposed of organic semiconducting materials (OFET) the device operation 
is different to the MOSFET as it generally works in the accumulation mode rather than inversion 
mode. In the accumulation mode the majority carriers are accumulated at the semiconductor- 
insulator interface by a gate bias that is the opposite polarity to the majority carriers. The main 
practical difference created by the difference in operation modes is the input needed to create 
current flow. In the inversion mode a small output current can be detected as long as there is an 
applied gate voltage. However, in the accumulation mode the gate voltage will create a higher 
charge density but will not cause a current to flow unless a bias is also applied between the source 
and drain contacts. Additionally, OFETs are typically fabricated with metallic source-drain electrodes, 
contrary to Si MOSETs where S/D are doped regions of silicon.
The transfer characteristics of a FET describe the change in drain current as the gate bias is swept 
over a continuous series of values. In this case the measurement can be repeated for multiple drain 
voltages to show the effect of the potential across the semiconductor on the current output of the 
device. Figure 3.17 shows plots of the transfer characteristics for an n-type OFET device. An ideal 
field effect transistor will exhibit negligible drain current until the threshold gate voltage (Vjh) is 
reached, this point is shown at gate voltages between 25 and 35 V in Figure 3.17. Once the threshold 
voltage is reached the device is switched on and current begins to flow across the channel. The drain 
current for the FET linear regime can be modelled by equation 3.8, where p, = charge carrier mobility 
(cm Vs'^); Cg = gate capacitance (F cm'^); W = channel width (cm); L = channel length (cm).
>d =  f  [ t e  -  Vrà)Va - \ v i ]  (3.8)
The traces in Figure 3.17 are a dual scan (forward scan immediately followed by a reverse scan) and 
exhibit hysteresis, which is a result of trapping states within the semiconducting layer, 
semiconductor-dielectric interface and at the contact interfaces[27,28]. These trapping states are 
common in semiconducting devices produced in molecular and 1 dimensional nanomaterial 
electronics, this is due to the larger effect and higher incidence of defects within the materials used 
in these devices in comparison to MOSFET silicon processing.
Further information about the device can be extracted from experimental data. For example, in the 
simplest case the on and off drain currents of the device, as found from the transfer characteristics, 
can be used to find the on-off ratio, which is an important figure of merit in commercial devices.
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Figure 3.17: Transfer characteristic curves of an n-type Fullerene field effect transistor [27].
The main factor this project is interested in is the charge carrier mobility of the devices. If it is 
assumed that the mobility is constant across the channel region then the mobility is described by 
equation 3.9 in the linear regime[29].
Plin = I IwCgVa (3.9)
Where L = Channel length; W = channel width; Vd = drain voltage; Cg = gate capacitance and gm is the 
gradient of the linear regime transfer characteristic plot as given by equation 3.10.
9m —diddVn (3.10)
In the case of molecular electronic materials the constant mobility assumption can be misleading. 
This is due to the effect of defect states; the applied electric fields from the gate bias and source 
drain bias on the charge carrier concentration of the material; and also the possibility of field 
dependant mobility. This effect leads to a case where the uniform mobility assumption is more valid 
for low Vd and high Vg in molecular electronic materials. The disadvantage of operating FET devices 
at low biases is the deterioration of the signal to noise ratio leading to less reliable results. Therefore 
the mobility values obtained by this analysis should be repeated at a range of voltage and 
temperature conditions to check their stability.
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3.5 Summary
This chapter has covered the main analytical techniques used in this project and their applications to 
the specific materials they will be testing. These techniques are split into four main categories of 
microscopy, spectroscopy, chemical and electronic. Microscopy techniques provide information 
about the surface morphology and composition of samples, and can also provide compositional 
information at higher energies. Spectroscopy techniques provide information about the chemical 
composition and purity of samples, their electronic energy levels, and in transmission mode also 
provides information about the sample's internal geometries such as crystallinity or alignment. 
Chemical analysis provides information about the physical properties of a material and the chemical 
bonding within the samples molecular structure. Finally, electronic analysis allows the benchmarking 
of electronic devices made from disparate materials by the isolation of fundamental electronic 
properties. In the following chapters these techniques will be applied to the thin film and composite 
devices produced as a part of this project to provide evidence of their properties. The basic 
techniques and principles have been outlined here but more in depth information on specific 
applications will be given in later chapters along with the analysis of new results to aid comparison.
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4. Reactive mesogen materials -  synthesis and properties
As was discussed in chapters 1 and 2, post growth self-assembly of nanomaterials can be attained by 
several methods. The route to self-assembly utilised in this project is the construction of carbon 
nanotube (CNT)-liquid crystalline (LC) composites. Liquid crystalline molecules are one of the most 
desirable species of materials for this application due to their self-aligning properties under 
appropriate conditions. This means that when they are used to produce a composite with carbon 
nanotubes the liquid crystalline materials can exert a turning force as they align. This moves the 
nanomaterial into the same orientation as the LC molecules. The mechanism of this effect was 
discussed in more depth in section 2.6. The sub-group of liquid crystals that is of particular interest 
for this project is reactive mesogen (RM) liquid crystals. These materials are generally liquid 
crystalline organic oligomers or polymers with side chains that can be cross linked to form fixed 
films. Previous research into aligning one dimensional nanomaterials with reactive mesogen 
materials has shown great promise[l,2]. The main limitation in previously studied systems has been 
the use of electronically insulating reactive mesogen materials.
More recent research by Esther Scheler and Peter Strohriegl at the University of Bayreuth has 
resulted in the development of semiconducting RM materials[3,4]. These materials are based on an 
oligofluorene backbone with alkyl side chains terminated with reactive groups. This provides the 
conjugated fluorene core to allow semiconducting behaviours, while the side chains present reactive 
functional groups for crosslinking. A small sample of the RM materials produced by Scheler and 
Strohriegl were obtained for this project and allowed for a proof of principle study to be completed 
into their use as an aligning medium for metallic CNTs (as can be seen in Chapter 5). As the results 
obtained from the proof of principle study were promising, further semiconducting reactive 
mesogen materials were produced in collaboration with the University of Bayreuth.
In this chapter, the synthesis and testing of the fundamental properties of the reactive mesogen 
materials are outlined. The first subsection outlines the synthesis of reactive mesogen oligofluorenes 
as a four step preparation. This is followed by a comparison of the products as well as the purity of 
each material produced for this project with those produced in conjunction with researchers at the 
University of Bayreuth. Finally the basic liquid crystalline and crosslinking properties of the final RM 
material are tested and outlined.
4.1 Synthesis method
Reactive mesogen oligofluorenes are short chain polymers that contain 10s of repeating units and 
have crosslinkable side chains. The chemical structure of the oligofluorene synthesised for this work
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is shown in Figure 4.1 along with the synthesis route of the main body monomers. The main body 
monomer synthesis starts with 2,7-Dibromofiuorene, which is alkylated with a 1:1 mixture of 2-(6- 
bromohexyloxy)tetrahydro-2H-pyran and 2-ethylhexylbromide. This reaction (i in Figure 4.1) runs at 
100°C overnight in an alkaline solution of 50% sodium hydroxide and dimethyl sulfoxide. After the 
addition reaction time is completed the products are extracted with water. The reaction produces 
three combination products that are differently alkylated. The desired product is hetero-alkylated. 
As this product competes for the reactants and must be separated from the others, the synthetic 
preparation is quite difficult and required additional expertise in organic synthesis and separation.
The following step (ii in Figure 4.1) was a protodeprotection of the tetrahydropyran protective 
group. The raw product from step i was combined with hydrochloric acid and p-toluenesulfonic acid 
pyridine salt in ethanol and stirred at 65°C for 8 hours. Once this reaction had completed the 
mixture of products was purified by column chromatography with hexane and ethylacetate (5:1) as 
eluent, with the faster running fraction being the desired product.
OH
X) HaC-
■CH3
HjC-
=CHo
H ,C = /
Figure 4.1: Synthesis of main body monomers and polymerisation reaction, i) 50% NaOH, DMSG, 
100°C; ii) PPTS, EtOH, 65°C; iii) Acryloyl chloride, N,N-Dimethylaniline, toluene, BFIT, 65°C; iv) 6:1 
main body to end cap, Ni(C0D)2, 2,2'-bipyridyl, DMF, BHT, toluene, 80°C
The final conversion to the 2,7-Dibromo-9-(2-ethylhexyl)-9-(6-acryloyloxyhexyl)fluorene monomer 
(step iii in Figure 4.1) is produced by the estérification of the de-protected hydroxyl group using 
acryloyl chloride overnight at 65°C. The product from this step was then purified by a two-part 
column chromatography process. The first column used hexane and ethyl acetate (10:1), and the 
second hexane and THF (30:1) as eulents. The synthesis of end cap monomers was performed by the
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same method as above, but using 2-bromofluorene as an alternative for the base molecule in 
step (i).
The final synthesis step (iv in Figure 4.1) was a polymerisation reaction of the main body and end cap 
monomers by Yamamoto condensation. A solution of nickeldicyclooctadiene (Ni(C0D)2), 
cyclooctadiene (COD), 2,2'-bipyridyl and dimethylformamide (DMF) was prepared under a dry 
atmosphere. This solution was combined with a 6:1 ratio mixture of main body and end cap 
monomers dispersed in 50 m l of dry toluene. This solution is left to polymerise at 80°C in a dark 
environment for 5 days. At the end of this time the products were poured into methanol- 
hydrochloric acid (1:1) and stirred for 4 hours. The organic layer was then removed from the acidic 
layer and washed with ethanol. After purification in a short column with a toluene eluent the 
product was dried. The ratio of 6:1 gives an average oligomer chain length of 12 repeat units.
^H-NMR (250 MHz, CDCI3, Me4Si) 5 ppm: 7.55-7.85 (6.4 H, m, Ar H), 6.33 (1 H, d,]CH2), 6.05 (1 H, 
d,]CH), 5.74 (1 H, d,]CH2), 4.01 (2 H, m, CH2), 2.12 (4 H, m, CH2), 0.66-1.3 (23 H, m, Alkyl H).
4.2 Analysis of oligofluorene products
In conjunction with the University of Bayreuth two different mesogen materials were produced. The 
first was a version of DlOO, similar to that described in the previous section, with the exchange of 
RM end groups for non-reactive versions. This material will be referred to as MaS20. The chemical 
structure for this material is shown in Figure 4.2. The second mesogen material was a batch of DlOO, 
the synthesis of which was described in the section 4.1. The advantage of removing the reactive 
groups is the ability to analyse the properties of the material without any thermal cross-linking due 
to the reactive groups starting to polymerise during the analysis. The monomer material was 
produced by the same method as outlined for step (i) in section 4.1, with the only change being the 
replacement of the 2-(6-bromohexyloxy)tetrahydro-2H-pyran with an excess of 2- 
ethylhexylbromide. The polymerisation of this material was performed using the same method as 
step (iv) in section 4.1.
An analysis of the products produced in conjunction with the University of Bayreuth was performed 
with the use of NMR spectroscopy. The NMR results are in agreement with previously published 
spectra. NMR results for the monomer material without reactive functional group and resultant 
polymer give similar resonances for the core structure without signals expected from the reactive 
groups.
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Figure 4.2: Chemical structure of the non-reactive mesogen version of DlOO.
Gel permeation chromatography (GPC) was used to find the average number of monomers (n) in 
each material. The output from the GPC analysis of non-reactive mesogen DlOO is shown in Figure 
4.3. These measurements were taken using a Waters gel permeation chromatography system (GPC) 
with analytical columns (length 2x60 cm, width 0.8 cm) containing crosslinked polystyrene gel 
(particle size 5 mm, pore size 100 Â). The eluent utilised was THF with flow rate 0.5 ml min'^ and 
pressure of 80 Bar. The system was calibrated with a standard oligofluorene solution. For the non­
reactive mesogen DlOO this analysis gives a mean number of repeat units (n) of 7, which 
corresponds to a molar mass of 4330 g moF  ^and a length of 8 nm. For reactive mesogen DlOO this 
analysis finds a mean number of repeat units (n) of 7, which corresponds to a molar mass of 3960 g 
moF  ^and a length of 8 nm.
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Figure 4.3: GPC analysis of non-reactive mesogen DlOO. This analysis gives a mean molecular weight 
of 4330 g moF  ^and average number of repeat units (n) of 7.
The peaks shown in Figure 4.3 are relatively even in size across all molecular mass materials. The 
smallest peak is for single monomer materials, which shows that the polymerisation process is well 
advanced with most of the monomer material converted to oligomers. The dispersity (D) for this 
material is 3.96. In a large chain polymer sample this level of dispersity would be considered quite
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high, with the typical values for dispersity in these materials being between 1 and 2. However, with 
the additive polymerisation of oligomer materials it is common for the dispersity of a sample to be 
as high as 10^[5], due to the larger monomer mass to molecular mass ratio. As such the dispersity of 
the materials produced here is higher than the ideal of 2 or below but is still low for the class of 
material.
The effect of a higher dispersity of chain lengths is a reduction in the ability to the material to 
produce a high degree of intermolecular order due to differences in the stacking of chains of 
different lengths. However, this reduction in order from a difference in chain length is more 
important for the smectic phases where there is layer separation in the intermolecular structure. In 
the nematic phase that is utilised in the materials synthesised here the length scale difference 
should not have too large of an effect due to the disordered nature on the length axis of the 
molecules.
Having produced a reactive mesogen material the next step was to investigate its liquid crystal and 
crosslinking properties. The following sections will detail the investigation of these parameters.
4.3 Liquid crystalline phases
To create alignment in reactive mesogen materials we rely on their liquid crystalline properties. As 
was described in earlier chapters there are 3 main liquid crystalline phases and multiple sub phases. 
To investigate the transitions between these phases in the DlOO materials, temperature dependant 
polarised optical microscopy (POM) and differential scanning calorimetry (DSC) were used. Samples 
for POM were prepared on polyimide coated glass (Pl-glass) and octadecyltrichlorosilane (ODTS) 
coated silicon substrates with a preferred alignment direction induced by mechanical rubbing.
Thermo gravimetric analysis (TGA) measurements gave the thermal decomposition of DlOO at 337°C 
(Fig. 4.4a) and so DSC was performed between 25 and 300°C on 4.1 mg of DlOO powder. The routine 
involved two heat cool cycles with a heating rate of 10°C m in '\ the results of this test are shown in 
Figure 4.4b. The first heat cycle on the system shows phase transitions at 51°C and 150°C. The first 
transition is a melt transition which is the point at which the material switches from a solid to a 
liquid crystalline state. The second transition at 150°C is characteristic of a thermal crosslinking 
process. This explains the lack of features in the cooling phase and the second heat cool cycle.
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Figure 4.4: a) TGA scan of DlOO showing a decomposition temperature of 337°C. b) DSC spectrum of 
reactive mesogen DlOO with two heat cool cycles at 10°C min'^.
The thermal crosslinking effect causes problems with performing a proper analysis of the phase 
transitions of the RM DlOO material. However, as the second product synthesised was a non­
reactive mesogen material of similar structure and mass, this analysis could be repeated to give an 
approximation of the parameters for RM DlOO. Figure 4.5A shows the DSC scans of the MaS20, with 
more clear transition peaks seen in the first heating scan. Both heat cycles also exhibit a series of 
periodic peaks beyond 170°C, which are an artefact of the measuring equipment used for this 
analysis. The first melt peak is in the same range as the first peak for RM DlOO suggesting a similar 
temperature response to the reactive species. There is a second transition at 62°C which is a 
transition to a nematic phase and a further turning point in the heat flow gradient with a reduction 
in energy at 132°C suggesting the start of a transition to an isotropic phase. Although these 
transitions are not very clear by DSC, the results here are close to those obtained for a similar 
material with the same monomer structure in previous work [4].
The suggested use for the materials in this project is the alignment of CNTs in a composite system. 
The inclusion of another material in composite with the reactive mesogen will have an effect on the 
liquid crystalline properties as it can have an effect in the heat capacity of the entire system and can 
retard the response of the liquid crystals to an alignment layer. To investigate the effect of the 
addition of CNT on the phase transitions of non-reactive DlOO a further DSC analysis was performed 
on a 100:1 mixture of non-reactive mesogen D100:SWCNT; the results of this analysis are shown in 
Figure 4.5B. The initial melt peak and the first nematic phase transition on the second heat cycle sit 
closer together as the melt temperature has increased to 58°C. However, the largest change in the 
composite system is the large nematic transition peak that can be seen on the cool cycles at 155°C.
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These changes in the phase transition temperatures are in line with those seen by previous 
studies[6].
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Figure 4.5: DSC scans of: A) Non-reactive mesogen DlOO with two heat cool cycles at 10°C min^ rate. 
B) Non-reactive mesogen DlOO loaded with 1% SWCNT with two heat cool cycles at 20°C min  ^rate.
With the transition temperatures obtained from DSC there is evidence of four different phases for 
DlOO materials. To investigate the nature of these phases further analysis was performed with the 
use of polarised optical microscopy (POM). Thin film samples for this analysis were prepared by drop 
coating a 60 mg ml'^ solution of reactive mesogen DlOO in toluene onto polyimide rubbed glass 
slides (PI slides). These samples were positioned on a heating element underneath the POM 
objective lens. Samples were heated from 0°C to 140°C and their state and response to rotation 
recorded (see Fig. 4.6). The initial state of the reactive mesogen material analysed by POM was a 
crystalline film with multiple crystal boundaries (Fig. 4.6A). The transition seen at 50°C in DSC scans 
is confirmed to be the melting transition temperature (T^) to a liquid phase as shown by Figure 4.6B. 
The transition at 62°C is a transition to a phase of greater order (Tp) and the rotation of the sample 
through crossed polarisers shows the shift in brightness that is characteristic for a nematic aligned 
phase (Fig. 4.6C and D). At 132°C a final transition is evident, this is a further transition (Tj) that 
borders the change from an aligned liquid phase to an isotropic phase as can be seen by the lack of a 
brightness change under rotation (Fig. 4.6E and F).
83
f :
?
3 mm
Figure 4.6: Polarised optical microscopy images of reactive mesogen DlOO under heating in a 
polarised optical microscope. A) Crystal phase 25°C. B) Melting to liquid phase 50°C. C) Nematic 
phase, 70°C and 0 degrees from objective polariser. D) Nematic phase, 70°C and 45 degrees from 
objective polariser. E) Isotropic phase, 140°C and 0 degrees from objective polariser. F) Isotropic 
phase, 140°C and 45 degrees from objective polariser.
The final factor that must be taken into account for the phase transitions in this project is the effect 
of adding carbon nanotubes to them in a composite. Carbon nanotubes have a high thermal 
conductivity, \A/hich can lead to the routing of thermal energy towards locations that contain CNTs. 
This effect allows for the reorientation of CNTs at lower temperatures due to the higher energies in 
regions with a higher CNT concentration. It has been shown that by increasing the CNT 
concentration of a film from 0.01 %wt to 0.3 %wt the thermal conductivity effect can decrease the 
nematic phase transition by up to l°C[7j. To asses this effect the polarised optical microscope 
analysis technique outlined above has been repeated with the use of a 1 %wt CNT/DIOO composite. 
The reflectivity of the samples is greatly reduced due to the strong absorption in the optical 
spectrum by CNTs leaving the images looking a lot darker in all conditions (Fig. 4.7). The transition 
from the melting to nematic phase was decreased to around 55°C. The 70°C alignment temperature 
used in the images shown in this section was, therefore, still within the nematic temperature range, 
as the isotropic transition temperature was lowered to 125°C.
The investigation in this section has shown the potential of creating aligned layers of DlOO and 
CNT/DIOO composites. This will be investigated in more depth in chapter 5. The final property of 
these reactive mesogen materials that will be covered in this section is crosslinking and photo/ e- 
beam patterning.
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Figure 4.7: Polarised optical microscope images crystal and nematic phases for a 1 %wt composite of 
CNTs in reactive mesogen DlOO. A) Crystal phase, 50°C. B) Nematic phase, 70°C and 0 degrees from 
objective polariser. C) Nematic phase, 70°C and 45 degrees from objective polariser.
4.4 Crosslinking
The reason reactive mesogen materials are an improvement on ordinary liquid crystal materials for 
some applications is their ability to crosslink. This means that once a preferred orientation has been 
obtained, the molecular orientation can be fixed in place w\th the use of free-radical polymerisation 
reaction. In the case of DlOO this energy input can be in the form of heat (as seen in Figure 4.8A), UV 
light (with the addition of a suitable photoinitiator) or an electron beam. Once crosslinked, DlOO 
becomes insoluble in toluene and acetone. This property allows for selective crosslinking of the 
material by lithography methods followed by development with toluene.
Inducing UV crosslinking of DlOO requires an addition of a photoinitiator, in this case Irgacure 784 
(or Bis(r|5-2,4-cylcopentadien-l-yl)-bis(2,6-difluoro-3-(lH-pyrrol-l-yl)-phenyl) titanium). This is a 
molecule that undergoes an isomérisation from a photocleaving process to generate a stable aryl 
compound and an unstable titanocene diradical [8]. The diradical released by the photoinitiator can 
either return the stable aryl compound to the original molecule by a reverse isomérisation process, 
or interact with the carbon double bond on the DlOO enoate side chain to induce a polymerisation 
reaction.
To test the crosslinking properties of the DlOO reactive mesogen produced in the preceding section, 
films were prepared on silicon/ silicon dioxide substrates cleaned by sonication in acetone, propan- 
2-ol ethanol and methanol, followed by oxygen plasma cleaning at 100 W for 5 minutes. The DlOO 
films were spin coated at 1000 rpm for 30 seconds from a 60 mg ml'^ toluene solution and annealed 
under nitrogen at 70°C for 10 minutes. UV crosslinking was performed in a Linkam LTS350 liquid 
crystal stage at 70°C with and without a nitrogen purge. The light source was a 365 nm wavelength 
lamp that exposed the samples for 30 seconds with a power density of 1.3252 W cm Electron 
beam lithography was performed in a FEI Nova Nanolab focussed ion beam SEM. The lithographic 
pattern was set up to draw 7 juim wide lines with accelerating voltage 10 KeV. The beam current was
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set to 400 pA with magnification at xl50 and the range of doses was chosen from 
60 to 30,000 nC cm'^ with centre to centre spacing of 12.63 nm.
After the crosslinking process the excess un-crosslinked material could be removed by a toluene 
wash to uncover the crosslinked patterns. The crosslinked films were soaked in toluene for 1 minute 
before washing with deionised water to remove toluene and uncrosslinked material from the 
surface and drying under nitrogen flow. This patterning process presents the strongest evidence for 
crosslinking of layers as they become completely insoluble after the process. This was checked a 
number of times by washing the polymerised samples with solvents, and observing the 
'development' of the patterns defined by photomasks. The areas exposed to UV light remained on 
the substrate, whereas unexposed areas were washed off. This observation is fully consistent with 
the cross-linking process where reactive mesogens form very high molecular weight polymer on the 
substrate. Images of the patterns produced by these methods were obtained under a fluorescence 
microscope with 365 nm excitation and are shown in Figure 4.8B. These images show 1 p.m 
resolution for electron beam crosslinking and 10 pm resolution for UV crosslinking. The two 
methods also appear to display slightly different fluorescence colours from UV excitation. However, 
this difference could have been due to a difference in film geometry or microscope detector 
settings, and so further investigation was completed.
Figure 4.8: Fluorescence microscopy images of (A) electron beam crosslinked and (B) UV crosslinked 
patterns on silicon substrates.
To further investigate the difference in fluorescence microscopy colour between the two crosslinking 
methods, fluorescence spectroscopy was performed. To provide a control reference uncrosslinked
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and atmospheric UV crosslinked samples were analysed against the previously analysed electron 
beam and nitrogen purged UV crosslinked samples. Figure 4.9 shows the spectra produced from this 
analysis. A successfully crosslinked sample should maintain the strong fluorescence peak of 
oligofluorene materials in the blue region (423 nm with a shoulder at 448 nm) without any shift in 
the peak positions. If the peaks shift towards the right it has been suggested that the crosslinking 
process is being blocked by an oxidation process at the double bonded carbon on the enoate 
group[9]. If this oxidation process is the cause of the shift the fluorescence peak is reduced at 
423 nm and a larger peak is introduced at 535 nm. As can be seen from the graph in Figure 4.9, the 
UV crosslink performed under ambient conditions produces a large peak at 535 nm and a small 
broad peak at 430 nm, which is exactly as would be expected in an oxygen rich environment. The 
uncrosslinked and nitrogen atmosphere UV crosslinked samples produce very similar spectra that 
suggest there is no damage to the material's fluorescing properties.
350 No crosslink 
ebeam
Atmospheric UV 
Nitrogen UV
300
250
200
(0c
B
150
c
100
500 550400 450 600 650 700
Wavelength (nm) . .
Figure 4.9: Fluorescence spectroscopy with 365 nm excitation of DlOO samples with different 
crosslinking methods. The blue fluorescence (423 nm) of films is maintained as long as there is no 
oxidation damage to the reactive double bonded carbon groups. Oxidation damage leads to the 
increase of fluorescence at 525 nm.
The electron beam crosslinked sample shows a mixture of slightly shifted fluorescence peaks at 423 
and 448 nm and an oxidation peak at 535 nm. This result is urvexpected as the SEM charnber is kept 
in vacuum conditions during the crosslinking process. The most likely reason for this is damage 
induced in the oxygen containing side chains of the DlOO molecules leading to the evolution of free 
oxygen on the surface during the crosslinking process. This suggests that the use of lower electron 
beam currents would be preferable for any electron beam lithography processes used with these 
materials.
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The crosslinking presented in this section allows for the patterning of films by traditional light and 
electron beam lithography methods. When these materials are applied to electronic devices this 
property would be hugely advantageous. One of the biggest problems when fabricating and 
operating molecular electronic devices with self-assembly materials is the charge leakage and 
parasitic capacitances caused by the imprecise surface coverage of materials. These problems are 
commonly solved by the inclusion of an etching or selective deposition process using a photoresist 
system. The use of the photo crosslinking materials produced here allow for the reduction of the 
complexity of the material removal processes as the semiconducting layer will also act as the 
photoresist layer.
4.5 Summary
In this chapter the synthesis and properties of two different mesogenic oligofluorene materials has 
been presented. The first is a liquid crystalline oligofluorene material that exhibits fluorescence and 
so has the possibility of being used as a semiconducting material due to the existence of a non-zero 
band gap. The more useful material in terms of this project is the reactive mesogen oligofluorene 
(DlOO), which exhibits nematic and isotropic liquid crystal phases and good crosslinking properties. 
The one dimensionally ordered nematic phase is seen between the temperatures of 62 and 132°C 
for pure materials, these temperatures decrease to 55 and 125°C when CNTs are added to create a 
composite of up to 1 % CNTs by weight. These parameters suggest that the use of 75°C is a 
reasonable point for the alignment experiments that will be presented in chapter 5.
Analysis of the crosslinking properties of the DlOO RM material has shown that it can be crosslinked 
thermally in the isotropic phase or by UV and electron beam radiation in any liquid phase. 
Crosslinking by UV radiation has been shown to require an inert atmosphere to avoid the oxidation 
of the reactive groups. The maximum resolution obtained using the current UV lithography 
apparatus available for this material was 10 p,m, which could be reduced by constructing a hard 
contact lithography system within an inert atmosphere. Electron beam crosslinking has been shown 
to be possible for reactive mesogen DlOO with a small amount of damage to the side chains and so 
the electronic properties of the materials. This processing method has produced resolutions down to 
1 p,m and with further calibration this value could be reduced.
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5. Reactive mesogen alignment of carbon nanotubes
The reactive mesogen (RM) materials synthesised in the previous chapter were produced with the 
intention of aligning nanomaterials. The aim of these composite systems is to improve the electronic 
properties of both the RMs and the nanomaterials. The low charge carrier mobility of organic 
electronic materials has been reported many times and the problems of creating a doping system for 
organic materials have been shown to be numerous[l]. At the same time the limitations on large 
scale one-dimensional nanomaterial electronics from the effect of hopping conduction between 
wires or tubes has been discussed in depth[2,3]. The use of composite materials (as was discussed in 
section 2.7) presents a possible solution to both of these problems by utilising the desirable 
properties of each material.
In this chapter the production of composite inks will be outlined, along with the use of the inks to 
produce aligned thin films of single walled carbon nanotubes (SWCNTs). The degree of alignment in 
the samples will be shown by the use of polarised microscopy and spectroscopy methods as well as 
by atomic force microscope (AFM) imaging. Finally the electronic properties of the deposited films 
will be analysed to prove the improvement of their conducting and semiconducting properties.
5.1 Composite ink processing
The first step in the production of a composite RM-CNT film was to find a common solvent that can 
be used to disperse both RMs and CNTs. RM disperse well in most common solvents (acetone, 
ethanol, toluene etc) but do not interact well with organic solvents for the production of well 
dispersed inks. This created a problem as the best solvents for the dispersion of CNT are organics. 
One of the few organic solvents that can be used for the dispersion of RMs is dimethylformamide 
(DMF), which is also commonly used for the dispersion of CNTs. However, it is preferable to use 
solvents such as toluene because DMF is a carcinogen and has many restrictions on the methods for 
which it can be used in the Laboratory.
The options considered for the dispersion of CNT in both toluene and DMF and their results 
produced in this work are shown in table 5.1. As is shown, the use of an amine functionaiisation 
allowed the most smoothly dispersed solutions which remain stable for a long time. The addition of 
a functional group was considered to be a small risk, because as is mentioned above 
functionaiisation can damage the electronic properties of the CNT. However, the choice of an amine 
functionaiisation may lead to advantages as it has been reported that under heating the presence of 
an amine gas can act as a catalyst for the healing of defects in the CNT structure[4]. This effect has
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been shown to have some effect and is covered in more depth in Chapter 6, but has been shown to 
work most effectively at temperatures far higher than those used for alignment of the RM films used 
for this section.
Table 5.1: Solubility of SWCNT in various dispersion techniques and their solution lifetimes. End of 
solution lifetime defined as the point at which precipitates from the solution become larger than the 
amount of CNT left in solution.
Tube type and method Solvent CNT solubility Solution Lifetime
Pure SWCNT DMF Low -  large amount of precipitates after 5 minutes 5 minutes
Pure SWCNT Toluene Very low -  large amount of precipitates immediately N/A
SWCNT with Triton X 
surfactant DMF
Medium -  CNT aggregate into clumps of 
around 100 pm then precipitate 2 hours
SWCNT with Triton X 
surfactant Toluene
Medium -  CNT aggregate into clumps of 
around 100 pm then precipitate 30 minutes
SWCNT with Liquid 
Crystal (LC) surfactant DMF
Medium - CNT stay in solution but 
aggregate into clumps of around 100 pm 5 days
SWCNT with LC 
surfactant Toluene
Medium - CNT stay in solution but 
aggregate into clumps of around 100 pm 5 days
Amine functionalised 
SWCNT Toluene
Good -  CNT well dispersed no clumping 
can be seen down to 10 pm scale Months
To ensure that the RM materials produced in the last chapter were effective for producing 
composite thin films an initial solution was produced of a combination of a 0.1% solution of amine 
functionalized CNT in toluene with 40 g/L of DIOO. This solution proved to be stable and was spin 
coated onto glass substrates with aligning layers. A series of spin coating parameters were tested 
and the best films were found to be produced when the solution was coated at 1000 rpm for 60 
seconds. The thickness of the film for these parameters was evaluated using the a-step and was 
found to be between 100 and 500 nm. A polarised optical microscope (POM) was used along with a 
liquid crystal stage to establish the phase change temperatures of the film. It was shown that the 
nematic phase began at 55“C and ended at 125°C with the isotropic phase. The highest image 
contrast from rotation was observed at 75“C and so this temperature was used as the alignment 
temperature for crosslinking composite films in the following experiments.
Five different types of ink solutions were prepared for the experimental work outlined in this 
chapter. The first three were control solutions of pure DIOO reactive mesogen, pristine amine 
functionalised SWCNT and pristine isolated semiconducting SWCNT (sSWCNT) with (7,6) chirality. 
The fourth and fifth solutions were composite inks containing both DIOO RMs and SWCNTs. The 
composition of these inks is laid out in table 5.2, along with the nomenclature that will be used for 
the rest of this chapter.
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The pure DIOO RM ink (PI) was a solution of 10 mg DIOO with 0.1 mg photoinitiators in 0.25 ml 
toluene. This solution was dispersed by 5 minutes sonication at 100 % power. SWCNT inks were 
0.1 mg/ml solutions of the respective SWCNTs in toluene. Inks containing amine functionalised 
SWCNT (P2) were mixed on a stirring stage for 10 minutes at 500 rpm fc wed by sonication at 
100 % power for 30 minutes. This processing method led to inks that were stable in line with the 
lifetimes shown above in table 5.1. Inks containing sSWCNT (PS) were produced by the same method 
as amine functionalised SWCNT inks but had lifetimes of minutes and so dispersion of these inks had 
to be performed straight from the sonic bath.
Composite inks were produced from a solution of 40 mg/mL DIOO in toluene with 1 %wt 
photoinitiator, which was mixed on a stirring stage at 500 rpm for 10 minutes. SWCNT were added 
up to 0.1 %wt and the solution placed in a sonic bath for 30 minutes to ensure a uniform dispersion. 
The amine SWCNT-RM composite inks (Cmet) were stable for up to two days before precipitation of 
SWCNT. However, an additional 5 minutes on a stirring stage at 500 rpm allowed the SWCNT to be 
re-dispersed if precipitation had occurred. The sSWCNT ink (Csemi) was less stable and had to be 
coated onto a substrate as soon as it was taken out of the sonic bath. This is due to the poor 
dispersions obtained without functionaiisation or surfactants used with the tubes. Further 
information on the dimensional properties of the CNTs used in this section can be found in 
Appendix C.
5.2 Thin film  sample production
The inks fabricated in section 5.1 were then used for the production of three types of samples for 
testing. These were films for spectrographic analysis, conductivity testing and field effect transistor 
production. The production methodology of these sample types is laid out below.
5.2.1 Thin film sample fabrication -  Alignment and thin film properties
Samples generated for spectroscopic and microscopic measurements were deposited on polyimide
coated (PI) glass slides. The PI coating is a thin polymer layer that is uni-axially rubbed to create an
alignment layer for liquid crystalline materials that are coated on top (as described in section 2 .6 .1 ).
Films were produced on these substrates by spin coating from the inks fabricated in section 5.1. Due
to differences in viscosity the PI ink was coated at 500 rpm for 30 seconds; the P2 and P3 inks were
coated at 750 rpm for 60 seconds; and the Cmet and Csemi inks were coated at 1000 rpm for 60
seconds. This combination of spin coating parameters allowed the thickness of films to be broadly
similar. Both aligned and unaligned composite films were fabricated for spectroscopic and
microscopic measurements. The unaligned films were crosslinked with an irradiation power density
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of 1.3252 Wcm'^ in a nitrogen atmosphere at 135°C, followed by a toluene wash to remove any 
uncrosslinked material. This led to the RM materials being in the isotropic phase and so any 
composited material lacking alignment. Samples that were aligned were crosslinked in the same 
general conditions with the reduction of the sample temperature to 75°C (RM nematic phase). A 
summary of the samples produced for thin film property testing is presented in table 5.3.
Table 5.3: Summary of samples produced for the analysis of alignment and physical properties.
Sample name Ink type Spin coating parameters Alignment
RPM seconds Y/N
Pl-AI P I 500 30 Y
Pl-UAI P I 500 30 N
CmefAl Cmet 1 0 0 0 60 Y
CmefUAI Cmet 1 0 0 0 60 N
("semi'Al Csemi 1 0 0 0 60 Y
Csemi-UAI Csemi 1 0 0 0 60 N
The samples produced by these methods were used for experiments that investigated the degree of 
alignment within composite films, which is explored in section 5.3. As a part of this investigation 
optical absorption analysis was carried out on a Varian Carey 5000 using a linear polariser accessory. 
UV fluorescence and POM measurements were performed on a Leica Microsystems DM2500 POL 
using a 365 nm UV LED as an excitation source. Finally, AFM images were produced using a Veeco 
Dimension 3100 in tapping mode with a TAP-3000 silicon tip.
5.2.2 Thin film sample fabrication - Conducting films
Thin films produced with the use of P2 and C^ et inks are expected to exhibit a metallic electronic 
behaviour due to the dominant effect of the inclusion of metallic CNTs in an un-purified SWCNT 
sample. To investigate the effect of alignment and compositing on conducting thin films, substrates 
were prepared that allowed the production of two probe conductivity measurements. Pre-patterned 
silicon substrates that have a 235 nm silicon oxide layer and pre-patterned electrical contacts with 
interlaced channels of 2.5, 5,10 and 20 pm length were used for the production of samples for these 
measurements. Figure 5.1 is a schematic of one of these substrates; the interdigitated fingers switch 
orientation at 90° angle on the substrate surface for the four different channel lengths and there is a 
gate contact to the silicon substrate in the bottom corner to act as a gate electrode for F ET 
measurements.
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Figure 5.1: Contact configuration for pre-patterned silicon substrates used in the production of 
conducting composite film samples. Channel lengths are given in pm for each set of 4 contacts. 
Corner of the substrate is scratched to reach highly doped Si substrate to serve as a common gate 
electrode. Sample alignment layers were applied such that contacts a and c were perpendicular to 
the direction of alignment, where as b and d were parallel to alignment direction.
The pre-patterned substrates were treated with a chloro-silane to create a rubbed alignment layer 
across their surface as described below. The substrates were solvent cleaned and then treated by 
oxygen plasma at lOOW for 10 minutes to create OH-terminated hydrophilic surfaces for silane 
deposition. The silane solution for treating the substrates was produced from 2 drops of 
octadecyltrichlorosilane (ODTS) dissolved in 2 ml of anhydrous toluene to produce a 
0.25 mM solution. This solution was prepared in a glove box under a low humidity and dry nitrogen 
atmosphere due to the sensitivity of ODTS to water vapour and oxygen. This also meant that 
substrate processing time had to be kept to a minimum to stop the silane groups in the solution 
from degrading.
To create the rubbed layer the substrates were submerged in the ODTS solution for 20 minutes at 
60°C to promote the adhesion of silane groups to the silicon oxide surface. The substrates were then 
removed from the solution and a lint free pad that had been damped with anhydrous toluene was 
uni-axially rubbed across the substrate surface in the desired alignment direction. This rubbing acted 
to remove excess material and flatten the octadecyl alkyl chains in the rubbing direction. Substrates 
were then placed on a hot plate at 80°C for 2 minutes to allow the toluene to evaporate and supply 
energy for the bonding of the polymer chains to the silicon dioxide. The alignment layers were 
optimised and tested using a thin film of RM82 reactive mesogen (Merck Chemicals) deposited by 
drop casting from ethanol solution. This thin film was placed on a heat plate under a polarised
95
optical microscope and cycled through its phases to check for uniform alignment in the nematic 
phase.
The silicon substrates with alignment layers were then coated with thin films of DIOO RM ink, amine 
functionalised SWCNT ink or amine functionalised CNT-RM composite ink. The coating and 
crosslinking procedures were followed as in section 5.2.1, with the addition of a shadow mask that 
selectively exposes stripes across the contact structures. This pattern allows for the isolation of 
individual contact structures to reduce interference between devices. The isolating pattern was 
developed in toluene for 1  minute before washing with deionised water and drying under a nitrogen 
flow, in the same manner as described in section 4.4.
The metallic films were analysed for their conductivity with the use of a Keithley 4200 
semiconductor parameter analyser and a standard two contact resistor set up as described in 
Chapter 3.4. The physical properties of the films were measured with the use of the a-step thickness 
meter and Leica Microsystems DM2500 microscope.
5.2.3 Thin film sample fabrication - Field effect transistor structures
Films produced from the PI, P3 and Csemi inks are expected to exhibit semiconducting characteristics
and so were used to form the active layer of F ET structures for analysis. Two types of FET structures
were produced for this analysis. Firstly, the pre-patterned silicon substrates described in Figure 5.1
of the previous section were used for the construction of bottom gate structures. Secondly, glass
slides with PI aligning layers were used in conjunction with organic dielectric layer materials and
evaporated contacts were used to construct top gated structures.
Bottom gate FET structures were produced by the same methods as outlined in section 5.22, with 
the only alteration to the system being the switch of the P2 and Cmet inks for the P3 and Csemi inks. 
These samples were encapsulated by a thin parylene layer to protect them from adsorption of 
moisture or oxygen dopants. They were stored and analysed in a glove box under a nitrogen 
atmosphere to further protect them from atmospheric degradation.
The production of top gated devices was performed on glass slides with a PI aligning layer. Films 
were deposited from PI, P3 and Csemi inks as described in section 5.1. The deposited material was 
patterned into isolated channel structures by the use of a shadow mask and 365 nm light as 
described in the previous section. On top of these films 700 nm thick gold source and drain contacts 
were evaporated. These contacts had 20 pm channel lengths and 1 cm channel widths. The 
dielectric layer for these devices was Cytop (AGC chemicals; CT800-807SP), which is a fluoropolymer 
dielectric material. Cytop was spin coated at 3000 rpm for 30 seconds and annealed at 80°C for 10
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minutes. These parameters created a layer 900 nm to 1.1 pm thick. Finally, a 70 nm thick gold 
electrode was evaporated over the channel region to act as a gate contact. See Figure 5.2 for a 
schematic of the device structures. These devices were also coated in a thin film of parylene and 
stored and measured in a glove box under a dry nitrogen atmosphere to protect them from 
atmospheric doping and degradation.
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Figure 5.2: Device structure for FET devices with a Cytop dielectric on rubbed PI coated glass. A) 
substrate layout view with 8  devices labelled a-h. B) Cross-section of a device with source (S), drain 
(D), and gate (G) contacts labelled along with material layers.
The FET devices were tested using a Keithley 4200 semiconductor parameter analyser and a three 
contact FET architecture as described in Chapter 3.4.2. The physical properties of the films were 
measured with the use of the a-step thickness meter, a Veeco dimension 3100 AFM and Leica 
Microsystems DM2500 microscope.
5.3 Physical properties and alignment
5.3.1 Polarised optical and scanning electron microscopy
To analyse the degree of alignment of the liquid crystal samples they were studied in an 0PM. 
However, due to the optical thickness of the film being below the average wavelength of light used 
by the microscope and the glass substrate scattering reflected light, the change in film transparency 
with angle of rotation was very small.
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For more conclusive information on the alignment in these samples they were analysed in the SEM. 
The analysis performed using SEM produced uniform images with very little contrast, due to the high 
concentration of carbon in both the RM and CNT molecular structure. This similarity of elemental 
composition means that only surface structure can be resolved and so CNT within the RM matrix are 
very hard to resolve. Over larger length scales (~100 pm) some resolution was obtained by the use of 
thin (<500nm) films and selective crosslinking to create trenches with no RM matrix. At the edges of 
the trenches a small overlap of aligned tubes could be seen trapped in the crosslinked material. 
However, the properties of the films did not allow the production of close up images of smaller 
regions containing CNT
5.3.2 Photoluminescence microscopy with UV excitation
Photoluminescence microscopy (PLM) was also used to obtain information on the CNT dispersion 
throughout the film. Photoluminescence (PL) spectra of oligofluorene samples were presented in 
Chapter 4, Figure 4.9. In this PLM experiment, PL emission from the samples was observed through 
the Leica microscope under 365 nm UV excitation, and images were recorded using the attached 
digital camera. The images taken of this PL emission for the Pl-AI film (Fig. 5.3A) show the 
characteristic blue wavelengths as seen for the DIOO samples in section 4.4. The Pl-AI film in Figure 
5.3A also exhibits some patches of higher brightness in roughly circular patterns and a series of 
brighter lines. The circular bright patches are areas of higher film thickness and thus a larger 
interaction region for the PL excitation. The lines are due to an uneven reflectivity on the surface 
below the substrate which allows the areas of higher reflectivity a second pass of excitation 
wavelengths.
Figure 5.3: A comparison of PL microscopy images of a Pl-AI film (A) and a CmefAl film (B). The 
change in the colour shows that the CNTs are having a quenching effect on the PL emission of the 
film and so also shows that CNTs are relatively dispersed throughout the film.
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In contrast to the Pl-AI film, the addition of CNT seen in the Cmet-AI film (Figure 5.3B) quenched the 
characteristic DIOO PL emission and left some areas of almost zero emission. These areas could be 
due to regions lower film thickness or higher CNT concentration. However, the general trend for the 
CNT composite film is one of a uniform brightness. This uniformity suggests a reasonably good 
dispersion of CNTs within the film as areas of high CNT concentration would lead to a higher 
incidence of absorption of photons emitted as a part of fluorescence. The largest dark spots in Figure 
5.3B are around 2 pm and the smallest around 100 nm. The average bundle size stated by the 
manufacturer for the SWCNTs used in this composite film is 4 pm. Thus the sizes of the dark spots 
are smaller than would be expected for those that would be seen in a film of unprocessed materials.
The features in the image of Figure 5.3B discussed above suggest that although the SWCNTs that 
have been dispersed throughout the film are evenly spread, there is some residual clumping in small 
areas that act as impurities. These impurities can cause a disruption of the physical uniformity of the 
film, inducing higher surface roughness and reducing the degree of alignment that can be induced in 
those regions. It is suggested that these clumping regions could be reduced in size and number by 
the use of lower SWCNT loading percentages and a long initial sonic stirring process. However, as is 
show in the following sections a reasonable degree of alignment can still be obtained with the 
parameters used for these films.
5.3.3 Polarised absorption
Polarised UV-Visible absorption spectrometry was used to calculate the degree of alignment seen in 
the Cmet-AI and CsemrAI films. As has been described by Li et al.[5], the optical absorption of polarised 
light by CNT is strongly dependant on their orientation. CNT are only optically active along their 
length and so it is expected that at a parallel orientation to CNT the characteristic absorption peaks 
of the CNT will be strong. However, CNT at a perpendicular orientation to the polarisation of 
incoming light the absorption will be almost zero.
Initial measurements of the UV-Vis absorption of Pl-UAI and P2 films were performed without the 
polarisation accessory to find the characteristic absorption spectra of these materials. The main 
polarised absorption features produced by the amine functionalised CNT used for the P2 and Cmer 
UAI films are a main peak at 1.45 eV with a shoulder at 1.25 eV and 2 broad peaks at 2.2 eV and 3.2 
eV. The DIOO film exhibits a broad peak from 3 to 5 eV with a maximum at 3.49 eV.
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Figure 5.4 shows the polarised absorbance spectra of a 1 jim thick Cmet-AI film over the area of 1 cm \ 
As such the spectra produced by this method can be thought of as an averaged effect over a large 
number of CNTs as the signal is a product of all CNTs dispersed throughout the LC matrix in that 
area. The angle between the alignment direction and input light polarisation were changed from 0° 
to 90° in a series of 13° steps. The peaks labelled A, S, B and C in the spectrum shown in Figure 5.4 
coincide with the characteristic spectrum of amine functionalised SWCNTs and peak C also coincides 
with the beginning of the broad peak produced by DIOO RMs. In the Cmet-AI polarised absorption 
spectrum there is a clear increase in the main (A) and first broad (B) peaks as the angle between CNT 
and polarisation direction is decreased. There also appears to be an increase in the second broad 
CNT peak (C), however this is mostly masked by the characteristic DIOO peak. The step size of the 
change in the 1.45 eV peaks with angle change are not linear with the highest 3 peaks very close to 
each other. This suggests that there is a small variance in CNT orientation causing the film to absorb 
incoming photons earlier than would be expected for perfectly aligned materials.
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Figure 5.4: Polarised absorption spectra for a 1 pm thick composite film. Spectra were taken in 13° 
steps for angles of 90° (perpendicular) to 0° (parallel) between incoming light polarisation and 
sample alignment direction. As the polarisation angle of incoming light comes closer to the 
alignment direction of the film there is a clear absorption intensity increase in the characteristic CNT 
peaks
As was suggested above, the small increases between the small angle spectra shown in Figure 5.4 
imply that there is a spread of angles of around 30° in the aligned crosslinked film. If this is the case 
then a further feature that would be expected is a non-zero spectra at a 90° angle between
100
alignment direction and the incident light polarisation. Although this small signal is not obviously 
evident in the spectra shown in Figure 5.4 there is a small modulation of the flat line within the 
range of each peak. A possible reason for the lower signal strength of the characteristic CNT peaks 
on the 90° spectrum is the high absorption of the polariser accessory at this angle and the resultant 
change in the baseline correction. This is also the reason for the vast reduction of the noise signal 
seen in the 1.6-1.9 eV range.
5.3.4 Atomic force microscopy
The alignment of CNT on the upper surface of the Cmet-AI films can be analysed by atomic force 
microscopy. Figure 5.5 shows a comparison of CNT alignment in an unaligned Cmet-UAI film (Fig. 5.5A) 
and an aligned Cmet-AI film (Fig. 5.5B). In the isotropic Cmet-UAI films the CNT are randomly 
distributed, if the dispersion of angles around the average is measured there is a spread of 160°. In 
the aligned Cmet-AI films, after heating to the nematic DIOO phase at 60°C there are two main 
changes in the AFM image of the film. Firstly the CNT are less visible, this could be due to their 
sinking into the film while it is in the liquid phase. Secondly there is a vast reduction in the dispersion 
of the angles away from the substrate rubbing direction.
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Figure 5.5: Amplitude regime AFM images showing the change in surface CNT orientation between 
(A) isotropic phase and (B) nematic phase crosslinking. The alignment director in each image is 
shown by the black arrow.
Figure 5.5B shows the surface CNT alignments in a nematic phase crosslinked film for 2x2 pm area. 
Images were taken at 12 sites from a 3x4 grid of points over each film, measurements of the CNT 
orientations in these images showed that there is a spread of orientation around the alignment 
direction of 32°. Although, in general the alignment of the well dispersed CNT is better than this at
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23°. The spread is increased by a bundle of CNT in the bottom left corner that has not aligned very 
well. This effect is easily explained when we consider the way that the DIOO molecules act upon the 
CNT. As the DIOO molecules are much smaller than the typical size of a CNT they must move a CNT 
by multiple small reorienting forces. If CNTs are well dispersed then the surrounding medium can act 
equally from all directions to clear a path and push each nanotube into a new alignment. The 
bundling of CNT in a small region reduces the number of surrounding DIOO molecules that can act 
upon each CNT as well as increasing the mass that the RMs as a whole must attempt to reorient.
Overall, the analysis outlined in the preceding sections has shown a strong inference of alignment 
within the CNT-RM films. The use of UV microscopy has shown definite evidence of a good 
dispersion of CNT in a cross-linked RM film. As previous studies have shown that CNT can be used as 
an alignment director for liquid crystals, it is reasonable to suggest that if no reorientation of CNT 
had taken place then the alignment within the RM film would not be possible.
5.4 Electronic properties
As described in section 5.2 a series of samples were produced on pre-patterned silicon substrates 
and rubbed PI glass substrates for the creation of conducting composite films and semiconducting 
films for FET devices. These samples were all tested for their conductivity or charge carrier mobility 
according to the testing schedules described in that section. The results of these tests are outlined in 
the following two subsections.
5.4.1 Conducting structures
Analysis of conducting structures was performed using a two probe current-voltage (IV) 
measurement with bias sweep between -10 and lOV, as described in section 3.4.1. Initial tests were 
performed on unaligned films, the Pl-UAI film was used as a reference for comparison with a Cmet- 
UAI film. Figure 5.6A shows the difference between the two samples IV properties using a 2.5 pm 
long channel. The current parameter in this plot is presented as current density. This is to attempt to 
correct for the difference in thicknesses between the Pl-AI (~60 nm) and the Cmet-UAI sample (mean 
thickness ~150 nm). The Cmet-UAI sample exhibits a far higher current density at 10  ^A/cm^, which is 
an increase of 4 orders of magnitude over the 1 A/cm^ current density of Pl-UAI film. This result 
shows that the inclusion of CNTs that have not been aligned still have on the film's conduction 
properties. The Cmet-UAI plot shows a diode like behaviour which suggests that there are some 
resistances in place causing a limit to the maximum current density.
The conductivity of the unaligned PI and Cmet samples is shown in Figure 5.6B; conductivity is a 
measure that takes into account the dimensions of the films in all directions and so settles any
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objections that the difference in current seen in Figure 5.6A is due to the film's dimensional 
parameters. The graph in Figure 5.6B also gives a maximum difference of conductivity between the 
CNT-DIOO sample and pure DIOO sample of 0.8 Sm This conductivity is quite large in comparison to 
many molecular electronic materials. However, the main application for conductive CNT films in the 
replacement of indium tin oxide (ITO) for transparent electrodes. The transparency of these films is 
high (~80% see appendix A), which makes them suitable for transparent electrodes. However, the 
conductivity of these samples is not as high as ITO's conductivity of 1.3x10^ S m'^ [6 ]. The application 
of CNTs to transparent contacts will be investigated in more depth in Chapter 6 .
CM<
E
5,
1 0 *
1 0 '
□ 1 0 0  
D100-CNT
B
DIOO
D100-CNT
0.8
€3
"g 0.2 
Ü
0.0
10 -5 0 5
Voltage (V)
10
Supply voltage (V)
Figure 5.6: A) l/V characteristics of a Cmet-UAI film (red) and a Pl-UAI film (blue). The channel length 
used was 2.5 pm and the current density was used to correct for any difference in film thickness. B) 
Conductivity of a Pl-UAI film (blue) and a Cmet-UAI film (red) versus bias, over a 2.5 pm channel.
Figure 5.7 shows the effect of channel length on the conducting properties of the amine 
functionalised SWCNT-DIOO composite films. This plot demonstrates a large increase in resistivity 
between channels of 5 and 10 pm in length. The scale of this change suggests a change in 
conduction method from the direct conduction of charge carriers across a series of CNTs to 
percolation across a more disordered CNT/liquid crystal film. This trend suggests that there is 
possibly a reduction in the degree of alignment within the composite between 5 and 10 pm. The 
average length of the nanotubes used in this sample was 500 nm to 1 pm, suggesting that the CNTs 
retain their high degree of order over the scale of around 5 tubes.
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Figure 5.7: Resistivity against voltage for different channel lengths on the aligned Cmet-AI film in a 
two terminal electronic test. Resistivity is shown to rise rapidly with channel length. This suggests 
that there is still some hopping conduction between tubes and that there may be less organisation 
of nanotubes over longer distances.
To allow the comparison of aligned amine functionalised SWCNT-DIOO composites (Cmet-AI) with the 
control RM (Pl-AI) and SWCNT (P2) films, a patterning process was used over the contact regions to 
provide comparable film parameters. All films were patterned into a 20 pm channel across a two 
contact interdigitated finger structure. This structure produced channel width (Wc) of 9.1 mm and 
four different channel lengths (LJ of 2.5, 5, 10 and 20 pm. The deposition methods described in 
section 5.2.2 produced film thicknesses (t) of between 0.9 and 1.1 pm. These parameters were used 
to calculate the film conductivity (o) by equation 5.1.
a = Lcl /  WctV (5.1)
Where V is voltage and I is current. This analysis was repeated for a series of 32 samples of varying 
channel lengths and average values for the conductivity was calculated. The result of these 
calculations is shown in Figure 5.8, which compares the conductivity against voltage relationships of 
aligned DIOO films, unaligned CNT films and aligned DIOO-CNT composite films.
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The conductivity of the wide band gap semiconducting DIOO film is very low at 10'^ S/m, which is as 
expected in the absence of a gate field. Due to the high proportion of metallic CNTs in the SWCNT 
material used in these films, the unaligned CNT film shows a much higher conductivity at 5x10'^ S/m. 
However, this is much improved by the inducing alignment of the film to give conductivities of 
0.1 S/m. This value is better than the conductivities reported for aligned liquid crystal polymer-CNT 
systems with comparable CNT concentrations [7,8], which find that the conductivity at 1 %wt is 
between lO"  ^ and 10  ^S/cm. These systems use electronically insulating RMs [8 ] and LCs [7] in the 
nematic phase to align the CNTs. As such the conductivities obtained from the aligned Cmet-AI film 
are at the high end of the range of conductivities produced by these technologies with a CNT %wt 
loading of one tenth of the mass.
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Figure 5.8: Comparison of the conductivity of aligned Cmet-AI, aligned PI and unaligned P2 thin films. 
The increase of 6  orders of magnitude between the aligned DIOO and composite films shows a 
strong improvement in the conducting properties by adding CNT to the composite. The change from 
an unaligned to aligned CNT film is smaller however still significant at 3 orders of magnitude.
5.4.2 Transistor structures
As described in section 5.2.3, Csemi inks were used to prepare films over gold contacts on silicon- 
silicon dioxide substrates to create bottom gate FET devices. The same materials were applied on PI 
glass substrates to produce top gate FET devices with a Cytop dielectric layer. These samples were 
compared against pure DIOO (PI) films and pristine sSWCNT films (P3) to investigate the effect of 
CNT-RM composites on FET characteristics.
Figure 5.9 shows the top gate FET characteristics for an aligned DIOO RM (Pl-AI) device, a sSWCNT 
device (P3) and an aligned sSWCNT-DlOO composite (CsemrAI) device. All of these devices were 
fabricated as described in section 5.2.3 with the structure shown in Figure 5.2, a 20 pm channel 
length and 1 cm channel width. Measurements were performed in the glove box under inert 
atmosphere with a three probe FET analysis configuration as described in section 3.4.2.
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Figure 5.9: Electronic analysis of 20 |im channel length FET devices with 1 pm thick Cytop dielectric 
on PI glass substrates. A) output plot of a Pl-AI FET; B)transfer plot of a Pl-AI FET; C) output plot of a 
P3 FET; D)Transfer plot of a P3 FET; E) output plot of a CsemrAI FET; F)transfer plot of a CsemrAI FET.
The initial analysis of the devices (Figure 5.9) shows that the devices all exhibit gated switching and 
current modulation as p-type semiconductors, which is consistent with the previous results outlined 
in Chapter 2. The Pl-AI FET shown in Figure 5.9A and 5.9B has a maximum on current of 10 nA and 
an on-off ratio of 1000. Transfer characteristics show relatively weak dependence on the magnitude 
of source-drain voltage, which can be due to un-optimised contact-semiconductor interfaces in the 
devices presented in this chapter. High contact resistance can originate from Schottky barriers
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causing significant voltage drop at the contacts, resulting in smaller voltage drop across the 
semiconducting channel. Increase in source-drain voltage in this case can be 'absorbed' at the 
contacts, leading to smaller modulation on the lateral electrical field in the channel. Output 
characteristics (Fig. 5.9A) show modulation induced by gate field. The high noise seen in the output 
plots of these devices is due to the very low currents produced. The saturation voltage point for 
DIOO sample appears to be beyond the gate voltage range shown here (-20 V). However, the 
Increasing the gate bias beyond -25 V leads to breakdown of the dielectric and high gate leakage 
currents.
The P3 FET shown In Figure 5.9C and 5.9D has a maximum on current of 2.8 pA and an on-off ratio of 
560. The output scans for this device show good modulation by the gate bias, although a small 
amount of gate leakage can be Inferred from the plots. The curves do not converge to zero current 
level and Instead an offset current Is seen at the origin point at Vd = Vg = 0 V. This Increased leakage 
current could be due to very high surface roughness of CNT mats that may allow the active material 
to penetrate a long way Into gate dielectrics of coatings such as Cytop. However, gate modulation Is 
still observed as shown In the transfer plot (Fig. 5.9D) also displaying a weak dependence on the 
drain voltage, meaning the device behaves more like a gated resistor than an FET. Weak, or no 
dependence of current on source-drain bias can, again, be explained by possible Schottky contacts 
formed between transistor electrodes and carbon nanotubes.
The Csemi-Al sample plots shown In Figure 5.9F have a maximum on current of 4.4 pA and an on-off 
ratio of 3.2. This on-off ratio Is far lower than for the non-composite devices, which will be 
commented on further shortly. Transistors show fleld-effect modulation by the gate, although 
saturation of the channel Is achieved between gate biases of - 6  and -7 V. Such saturation behaviour 
can be explained by a presence of Schottky barrier at the source-drain contacts, and Inability of the 
source to supply enough charge carriers to support the Increase of current In the channel. Output 
characteristics of this device (Fig. 5.9E) show a resistor-type response with no detectable gate bias 
dependence. This behaviour Is Indicative of conducting/metallic carbon nanotubes present In the 
channel, which cannot be fully depleted by the application of the gate field.
The Initial currents obtained from the Pl-AI sample are 3 orders of magnitude smaller than that of 
the Csemi-Al device, which Is In line with the results obtained for metallic composites. Unallgned 
pristine sSWCNT devices show a far closer saturation current to the composite FET, although the on- 
off current ratio (transfer scans) of these plots Is much lower. We suggest that this effect Is due to 
the Inconsistent conducting network seen In the channel due to the mixture of orientations and the 
lower uniformity of the film.
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The on-off ratios of the devices shown in Figure 5.9 demonstrate an interesting pattern with a 
reduction from the P3 FET at 560, through the Pl-AI FET at 1000 and finally to the composite CsemrAI 
FET at 3.2. This decrease in the on-off ratio is due to the increasing off currents of the devices. The 
off current is the charge flow through the device when the gate bias has not reached the threshold 
voltage. As such this is a measure of the initial metallic conductivity of the channel material. The 
trend seen In these samples suggests that the Inclusion of sSWCNT In the channel region Is 
Increasing the metallic nature of the material. The supplier Information for the (7,6) SWCNT used for 
these devices confirms that the material Is 90 % carbon pure but the proportion of chirality purity Is 
only guaranteed to be >50 %. This factor suggests that there could be a proportion of metallic CNT In 
the Initial Ink and so an Increase In the off current would be expected with higher CNT loading and 
Improved alignment, as was shown for metallic materials In the previous section.
The leakage currents and charge trapping states In the CsemrAI FET devices can be further 
Investigated with the use of a forward and reverse scan transfer characteristic plots. A typical 
example of such transfer plots for these devices are shown In figure 5.10. The two main points to 
note from this figure are the degree of hysteresis In the three plots and the Increase In off current 
between -5 and 0 V gate bias. Hysteresis In the transfer characteristics of organic FETs Is due to the 
Inclusion of trapping states In the material from the degradation caused by ambient condltlons[9] 
and also charge trapping at semiconductor Insulator Interface. The data for Figure 5.10 were taken 
on a Csemi-Al FET device with parylene encapsulation that had been stored for 3 months before 
measurement. The Inclusion In these scans of hysteresis shows some degradation of the material 
over time, although the devices still exhibit a semiconductor pattern. The Increase of the drain 
current observed between 0 and -5 V Is an off current, which are In line with the leakage currents 
seen for the device In Figure 5.9F.
Average mobility values for a series of devices produced by the same methods described above have 
been calculated and are outlined In table 5.4 along with the threshold voltages and failure ratios for 
each method. The failure ratio Is the number of devices In a single fabrication batch that do not work 
as a FET device upon first measurement. Threshold voltages were obtained from the turning point 
from the off state to the linear regime In the transfer plot, and a mean average was calculated over 
all working devices. The average charge carrier mobility Is a mean average calculated over the 
mobility of devices that work upon first measurement. The charge carrier mobility of Individual 
devices was calculated from equation 3.9 from section 3.4.2, which Is based on the gradient of the 
transfer plot In the linear regime.
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Figure 5.10: Forward and reverse transfer scans of a CsemrAI FET showing the typical degree of 
hysteresis in these devices and the off currents observed between -5 and 0 V.
The mobility of the devices outlined in table 5.4 reinforces the analysis of the transfer and output 
curves. The alignment of sSWCNT with DIOO RMs has a large effect on the RM's device mobility and 
a smaller effect over unaligned sSWCNT films. The increase in mobility for is shown to be three 
orders of magnitude for composite FETs over DIOO FETs. Although the final device mobility for 
composite films is still lower than the stated charge carrier mobility for solution process SWCNT of 
0.1-0.2 cmVvs [10]. This difference can be ascribed to the introduction of potential barriers at the 
source drain interface with the composite and the continued existence of some hopping barriers 
between CNTs within the film.
One of the most outstanding features of the parameters shown in table 5.4 is the decrease in device 
failure ratio when RMs are added to the SWCNTs; with the number of working devices on substrates 
with Cytop dielectrics increasing from 29 % to 91 %. This increase means that the increased order in 
the channel has a huge effect on the reliability of the device fabrication, which is an important factor 
in transferring technology to mass production scales.
The charge carrier mobility recorded in this work for pristine DIOO devices are very low in 
comparison to the record value for RM materials of 10’  ^cm VVs[llj. However, in the more limited 
field of crosslinked fluorene based RM materials the mobility and on/off ratio are in line with those 
previously reported[12]. The production of aligned SWCNT FETs with the use reactive mesogen 
composites has not been previously reported and so direct comparison of the composite devices 
produced in this section cannot be performed. The comparison to previous art that can be made for
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these devices is with other solution processed CNT FET systems, some of which were detailed in 
table 2.2 in section 2.5.5. Typical charge carrier mobility values for the previous SWCNT systems 
outlined are between 10'  ^and 10'  ^cm^/Vs which is in line with the mobility of the Csemi films outlined 
above. The devices do not exhibit properties anywhere near the record values for hole mobility of up 
to 10  ^cmVVs produced by thermo-capillary purification of SWCNTs over gold contacts[13].
Table 5.4: Device architectures, failure rates, threshold voltages and mobility for FET devices 
produced by the methods described in this chapter.
Semiconductor
materials
Ink Dielectric
material
Failure
ratio
Average threshold 
voltage (V)
Average mobility 
(cmVVs)
DIOO PI Cytop 1 /4 8 -0.2 8 .8  X 10'^
sSWCNT P3 Cytop 3 4 /4 8 -1.5 2.6 X 10'^
sSWCNT-DlOO Csemi Cytop 4 /4 8 -0 .98 5.1 X lO'"^
sSWCNT-DlOO Csemi SiOz 2 2 /6 4 - 1 6.1 X 10'^
The on currents obtained for the composite FETs described in this section are in the high range of 
those seen in the previous art with one order of magnitude increase over typical CNT FET values. The 
only systems that exhibit higher on currents are those of dielectrophoretically aligned SWCNTs 
which get as high as 0.02 mA. The reason for the high on currents of the composite devices is the 
inclusion of highly conductive metallic SWCNTs in the channel region. The negative side of this 
property of the material is the high off current that devices exhibit. This leads to lower on/off ratios 
than CNT FET systems that use SWCNTs of high purities.
The Csemi ink based composite devices described in this chapter compare rather poorly to many other 
device fabrication methods described in the literature. Despite this the Csemi devices do also have 
some large advantages such as their very simple deposition and patterning properties produced by 
the fact that they are used as their own photoresist. With the inclusion of a higher purity source of 
CNTs, further investigation of device geometry and alteration of the CNT loading weight, the 
electronic properties could potentially surpass most current solution processed CNT FET systems.
The work outlined in this section has shown that semiconducting devices can be constructed from 
reactive mesogen - CNT composites, and that composites confer an electronic and processing 
advantage over pristine RM or CNT films. The charge carrier mobility of devices can be improved by 
three orders of magnitude over pure RMs and the failure rate can be improved by 62 %. However,
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the off currents that are produced in these devices are still far too high and this is an area that 
requires further research.
5.5 Summary
This chapter has presented a method for the processing, alignment and patterning of conjugated 
reactive mesogens/CNT composites for both functionalised and un-functionalised SWCNT in thin 
films. These films have been studied for conducting and semiconducting properties and an 
improvement in their electronic properties has been compared with pristine RM and CNT films. The 
composite conducting films show an improvement in conductivity of three orders of magnitude and 
a reduction in conductivity when the length scales increase beyond 5 pm. The semiconducting films 
have shown a similar three orders of magnitude increase in device charge carrier mobility (for holes), 
and have also shown an improvement of 60 % between the failure rate of the unaligned and aligned 
device fabrication processes.
Further research could be performed on the material system outlined here for semiconducting 
devices, which should have a large effect on the off currents of FET devices and also produce a 
further improvement in the device mobility. There are two main factors in the material system that 
would have the largest effect on device properties. The first is the metal-semiconductor interface at 
the source and drain contacts, improvement of this interface could reduce contact resistances which 
have an effect on the device mobility. The second is the quality of sSWCNTs used in the composite, 
as the higher the sSWCNT to metallic SWCNT ratio the lower the off current of the device becomes 
due to less chances of metallic tracks in the channel region.
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6. Solution Processable Transparent CNT Conducting Films
This final experimental chapter describes the second direction of research conducted in this project, 
which is the investigation of a process that allows for the solubilisation of CNT by octadecylamine 
(GDA) functionaiisation, solution processing of conducting CNT layers and the subsequent removal 
of the functional groups after film deposition to recover the electronic properties of the CNT.
This chapter will start with highlighting relevant results in the literature on transparent CNT 
conductors that was previously laid out in section 2.5.5.1. From there the synthesis process for 
octadecylamine functionalised carbon nanotubes (ODA-CNT) will be shown, followed by a 
description of the film production and defunctionalisation method and its positive effect on the 
electronic properties. The final analysis section suggests some possible chemical mechanisms of the 
defunctionalisation and defect healing processes leading to film conductivity increase of up to five 
orders of magnitude.
6.1 Transparent CNT films
Many different materials have been suggested as replacements for IT0[1], all of which have typically 
inverse relationship between transparency and conductivity. Some methods that use CNT for the 
replacement of ITO have been shown to have promise. A typical 200 nm thick ITO film has a 
transparency of 85 - 90 % in the visible range and a sheet resistance of around 40 Q/square. Typical 
values for mixed semiconducting and metallic CNT conducting films are 85 % transparency, 
2x10"^  Q/square sheet resistance (nafion and acid treated CNT)[2]; and 90% transparency, 
2x10  ^Q/square (brush coating deposited single walled CNT (SWCNT)) [3].
As was mentioned in Chapter 2, one of the major roadblocks to using CNT for the production of 
printed electronic devices is dispersing them over larger areas during device production without the 
degradation of their desirable electronic properties[4]. The high van der Waals forces between 
pristine CNT means that they have a large clumping affinity and so are difficult to use in solution 
processes. The easiest way to solve this problem is the addition of polar side groups to the CNT by 
processes such as acid[5] or amine[6 ] functionaiisation. The addition of functional groups allows CNT 
to interact with polar solvents to create more evenly dispersed solutions and interact less amongst 
each other, which reduces clumping. However, functionaiisation involves the use of covalent 
bonding, which disrupts the pi bond overlapping along the CNT axis and so adversely affects their 
electronic properties[5,7]. Another route to increasing the solubility of CNT is the addition of
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surfactant materials. These are typically polymer or soap like materials that interact with CNT by van 
der Waals and hydrogen bonding[8 ]. They behave in much the same manner as a covalently bonded 
functional group to allow the CNT to be dissolved. However, they have the disadvantage of being 
typically insulating materials that adversely affect the conducting properties of CNT films.
As well as the effects on the electronic properties of CNT by solubilisation, pristine CNT can also have 
lower than theoretically expected conductivities due to defects in their bonding structure. Previous 
studies have used high temperature (>950°C) annealing[9], high temperature ammonia washing[10] 
or disproportionation in carbon monoxide[ll] for the healing of carbon structure defects in CNT. 
Each of these techniques has disadvantages. The first two have the disadvantage of the need for 
high processing temperatures, which limits the materials that can be used for the rest of the device. 
The carbon monoxide disproportionation process relies on medium temperature reactions in a 
carbon monoxide atmosphere, which means the setting up of an additional step in any device 
production process with a high pressure carbon monoxide chamber.
6.2 CNT functionalisation with amine groups
The functionalisation process presented here is an octadecylamine (ODA) functionalisation of CNT 
and is a two-step process that adds an acidic (COON) group onto which the ODA group can bond[12]. 
This COOH functionalisation preferentially happens at defect sites in the CNT structure due to the 
lower activation energies needed to bond at these positions in the graphene structure of the CNT.
Two different types of ODA-CNT were used for testing the annealing process outlined in this chapter. 
The first type was a pre-functionalised mixture of semiconducting and metallic SWCNT (Sigma- 
Aldrich; 652482). The functionalisation method for these SWCNTs has been laid out by previous 
publications[6,12]. The second type was metallic double walled CNT (DWCNT) and the 
functionalisation of these materials was performed as a part of this project. The functionalisation 
method used for the DWCNT is described out below and shown graphically in Figure 6.1.
The starting material for the DWCNT functionalisation was dried DWCNT powder (Sigma-Aldrich; 
637351) with average length 50 p,m and diameter 5 nm. For the first step acid functionalisation (Fig.
6.1 step (i)), lOOmg of this material was dispersed in 100 m l of 1 molar nitric acid by probe 
sonication at 30% power with a 1:1 pulse for 30 minutes. The solution refluxed under stirring at 
130“C for 24 hours, and after this time was cooled and diluted with water to a ratio of 1:20. The acid 
functionalised DWCNT were recovered from the solution by vacuum filtration and dried for 1 hour at 
110°C. The resultant product was a dark grey powder that was tightly adhered to the filter surface.
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The acid functionalised DWCNT readily dispersed in water and were re-dispersed in deionised water 
to remove them from the filter paper and dried again in a round bottom flask. The yield of this 
reaction was 90 mg (90 %).
130°C.24hrs
Step (ii)
DMF 65°C
SOC^ 48hrs
B
Step (iii)
^  PDA
100°C, 96hrs
Figure 6.1: A) Functionalisation of CNT with octadecylamine, focussing on the functionalisation site. 
Atom colours: Carbon = Dark grey; Oxygen = Red; Chlorine = Green; Nitrogen = Blue and Hydrogen = 
Light grey. B) End on view of a SWCNT with an octadecylamine functional group.
The functional group was then transformed into an acyl chloride to increase its reactivity for the 
amine group addition (Fig. 6.1 step (ii)). This reaction was performed by dispersing the 90 mg of acid 
functionalised DWCNT in 6  ml of dimethylformamide by probe sonication at 45% power with a 1:1 
pulse for 20 minutes. This solution was then sealed and purged with nitrogen for 20 minutes to 
before the introduction of 40 ml of thionyl chloride. This solution was heated to 65°C under stirring 
and nitrogen pressure for 48 hours. After 48 hours the heat source was removed and the solution 
was left to cool to room temperature. The thionyl chloride solution was washed with anhydrous 
tetrahydrofuran (THF) to precipitate the CNT. The precipitate was washed a further three times with 
THF to ensure the removal of all of the remaining thionyl chloride. The product was dried in a 
vacuum desiccator to leave a black powder with a yield of 78 mg ( 8 6  %).
The black powder was mixed as a dried powder with 2.5g of ODA powder to substitute the chlorine 
on the functional group with the amine (Fig. 6.1 step (iii)). This dried mixture was placed in a tube 
furnace with a nitrogen purged atmosphere and heated to 100°C for 96 hours. At the end of this 
time the resulting solid was cooled to room temperature, dissolved in ethanol and filtered to 
separate excess ODA from the functionalised CNT material. This process was repeated until the
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ethanol failed to gain colour from the sample. The solid phase on the filter paper was collected and 
dried in a vacuum desiccator for 24 hours.
The product produced from this functionalisation was a dark grey colour and was compared to the 
material supplied by Sigma-Aldrich by Fourier transform infra-red spectroscopy (FTIR). Figure 6.2 
shows the result of this analysis, with spectra from a 3 mm area on a 1 pm thick film of dry powder 
of ODA-SWCNT and ODA-DWCNT on gallium arsenide (GaAs) substrates. The spectra are very similar, 
with all major peaks that relate to the amine to acid functionalisation bonding site at the same 
wavenumbers. This suggests that the two materials have the same chemical structure. More details 
on the peak assignments can be found later in this chapter in section 6 .6 .
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Figure 6.2: Comparison of the FTIR transmittance spectra of the as supplied ODA-SWCNT from 
Sigma-Aldrich and the ODA-DWCNT functionalised in this section. Spectra vertically shifted for 
clarity.
This section has shown the functionalisation method for the addition of octadecylamine (ODA) 
groups to a DWCNT's side walls. FTIR spectroscopy has been used to show that the product of this 
process has the same side chains attached as a sample of SWCNT supplied by Sigma-Aldrich with the 
same side chains.
6.3 CNT thin film fabrication
Transparent thin films of ODA functionalised SWCNTs and DWCNTs were fabricated for the analysis 
of their electronic, microscopic and spectroscopic properties. Thin films were prepared from a 
toluene based Ig /L  ink of octadecylamine functionalised CNT (ODA-SWCNT and ODA-DWCNT),
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which was mixed in a sonic bath on 100 % power for 30 minutes. This solution was well dispersed 
and could remain stable in a well dispersed condition for up to 2  weeks.
The films for electronic measurements were produced by depositing the CNT ink onto glass 
substrates and spin coating at 750 rpm for 60 seconds with a slow acceleration, and heated to 60°C 
for 10 minutes to allow the evaporation of any remaining solvent. These parameters produce a thin 
film of ODA-CNT with a large amount of percolation pathways, an example of this using ODA-SWCNT 
is shown Figure 6.3). The films were then annealed in a nitrogen atmosphere at temperatures 
between 150 and 250°C for periods of time between 0 and 240 minutes, the parameters of this 
processing is shown in table 6.1. The annealed films had 70 nm thick aluminium contacts evaporated 
on top with channel lengths of between 3 and 12 mm as shown in the inset image of Figure 6.4.
Table 6.1: Name designations and fabrication parameters of ODA functionalised thin film sample 
types.
Sample name Material Anneal temperature (°C) Anneal time (min)
ODA-SWCNT-1.0 ODA functionalised SWCNT NA 0
ODA-SWCNT-1.1 ODA functionalised SWCNT 150 60
ODA-SWCNT-1.2 ODA functionalised SWCNT 150 120
ODA-SWCNT-1.3 ODA functionalised SWCNT 150 150
ODA-SWCNT-1.4 ODA functionalised SWCNT 150 180
ODA-SWCNT-1.5 ODA functionalised SWCNT 150 210
ODA-SWCNT-1.6 ODA functionalised SWCNT 150 240
ODA-SWCNT-1.7 ODA functionalised SWCNT 150 270
ODA-SWCNT-2.1 ODA functionalised SWCNT 200 60
GDA-SWCNT-2.2 ODA functionalised SWCNT 200 n o
ODA-SWCNT-2.3 ODA functionalised SWCNT 200 150
ODA-SWCNT-2.4 ODA functionalised SWCNT 200 180
ODA-SWCNT-2.5 ODA functionalised SWCNT 200 210
ODA-SWCNT-2.6 ODA functionalised SWCNT 200 240
ODA-SWCNT-2.7 ODA functionalised SWCNT 200 270
ODA-SWCNT-3.1 ODA functionalised SWCNT 250 60
ODA-SWCNT-3.2 ODA functionalised SWCNT 250 120
ODA-SWCNT-3.3 ODA functionalised SWCNT 250 150
ODA-SWCNT-3.4 ODA functionalised SWCNT 250 180
ODA-SWCNT-3.5 ODA functionalised SWCNT 250 210
ODA-SWCNT-3.6 ODA functionalised SWCNT 250 240
ODA-SWCNT-3.7 ODA functionalised SWCNT 250 270
ODA-DWCNT-1.0 ODA functionalised DWCNT NA 0
ODA-DWCNT-1.1 ODA functionalised DWCNT 250 60
ODA-DWCNT-1.2 ODA functionalised DWCNT 250 120
ODA-DWCNT-1.3 ODA functionalised DWCNT 250 150
ODA-DWCNT-1.4 ODA functionalised DWCNT 250 180
ODA-DWCNT-1.5 ODA functionalised DWCNT 250 210
ODA-DWCNT-1.6 ODA functionalised DWCNT 250 240
ODA-DWCNT-1.7 ODA functionalised DWCNT 250 270
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Samples for absorption measurements were produced by drop coating the CNT ink at 60°C on glass 
or semi-insulating gallium arsenide (GaAs) substrates. The semi-insulating GaAs substrates are 
transparent in the infrared spectrum and were polished to reduce scattering losses in the substrate. 
The change of ODA-CNT deposition method was to increase the film thicknesses to 2-3 jim, which is 
thick enough to allow a measurable absorption. This is because absorption strength is strongly 
dependant on film thickness. The optical testing samples were finally annealed under nitrogen. The 
summary of prepared samples is given in table 6 .1 .
6.4 Transparent thin films - Physical and electronic analysis
6.4.1 Thin film properties
Atomic force microscopy and optical absorption spectroscopy were performed on the films to obtain 
further information on the quality of the thin films produced by the method above. Figure 6.3 shows 
an AFM image over a 100 pm^ area and four line scans of the cross sectional thickness within this 
region. This process was repeated for 10 thin films, with 12 images (of 100 pm^ area) taken on each 
sample in a 3 by 4 grid. The mean thickness for each image was calculated from the average 
thickness of 20 line scans (Fig. 6.3B) across the image left to right. The films that were analysed in 
this manner displayed an average thickness of lOnm, although they had a very high roughness with 
thicknesses ranging between 0 and 35 nm.
The sample shown in the image in Figure 6.3A is ODA-SWCNT-2.5 and is representative of all images 
analysed. The CNTs in these samples are well distributed over larger (hundreds of micrometre) 
length scales, although they show some clumping characteristics over the smaller scales of the AFM 
images. The length of the tubes is within the range of 5 to 30 pm, and their measured diameters are 
around 10 nm. Although the measured diameter of CNT is not accurate for AFM analysis on these 
scales due to the resolution limit of the tapping imaging mode, as discussed in section 3.1.3. The 
CNTs are in randomly oriented mats with multiple crossing points that promote strong percolation 
pathways for the transfer of current. The clumping on shorter length scales create aggregates that 
are typically on the scale of 1 to 10 pm and often follow a line across the substrate. From the film 
thicknesses of around 20 nm and the average SWCNT diameters of 0.9 nm it can be inferred that the 
clumped areas are up to 20 CNTs deep. However, there is a certain amount of rigidity to CNT that 
will induce a tilt angle to the tube for a certain distance after a crossing point. This will distort the 
calculated thickness of the aggregate in these areas. There are some vacant areas in the mats 
caused by the clumping of CNTs, these bare areas have lengths of up to 1 pm and are probably 
partially responsible for the high transparency of the films.
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Figure 6.3: Tapping mode AFM height image (A) and line scans (B) of films produced from ODA-CNT 
1 g/L ink formulation in toluene deposited by spin coating at 1000 rpm for 60 seconds and annealed 
for 210 minutes at 200°C (sample ODA-SWCNT-2.5).
The transparency of the films was analysed with the use of a Carey 5000 UV-Vis spectrometer. 
Samples for this analysis were prepared on glass substrates by the optical analysis film deposition 
method as described in section 6.3. The transmission measurements were taken with a spot size of 
1 cm  ^ and 10 measurements were performed (on films ODA-SWCNT-2.3 to ODA-SWCNT-2.7 and 
ODA-DWCNT-1.3 to ODA-DWCNT-1.7) to provide a mean absorption spectrum for the CNT films. To 
provide a comparison to these samples a 120 nm thick film of indium tin oxide (Sigma-Aldrich; 
703192) on a 1 mm glass substrate was utilised. This film does not exhibit the best transparency 
properties for ITO but is of a standard grade for OLED technologies. The spectra produced from this 
measurement are shown in Figure 6.4 along with an image of representative CNT and ITO films to 
illustrate the effect the films have on the clarity of an image behind them.
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Figure 6.4: (A) UV-Vis absorption of a thin film of ODA-CNT spin coated onto glass substrates and 
annealed at 200°C for 240 minutes (ODA-SWCNT-2.6) compared to 120 nm ITO film. (B) Image of an 
ODA-SWCNT (top) and ITO (bottom) films on top of NEC logo, showing their difference in 
transmission. Also shown in (B) is the contact structure for electronic measurements.
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ODA-SWCNT and ODA-DWCNT films exhibit transparency between 90 and 98 % across the entire 
optical range. In comparison, the ITO film shows consistently lower transparency than the ODA- 
SWCNT and ODA-DWCNT across the entire optical range. There is. also a steady decrease in the 
transparency of the ITO film in the lower wavelength ranges that is not observed in CNT films. The 
reduction in intensity of lower wavelengths from this drop in transparency would be detrimental to 
the application of these films to photovoltaic systems that rely-on UV wavelengths.
6.4.2 CNT thin film conductivity analysis
The thin films produced in this chapter will be compared to previous technology from the literature 
using the properties of transparency and sheet resistance. The measurement and calculation of 
sheet resistance were introduced in section 3.4.1. Current versus voltage (IV) plots were obtained 
using a Keithley 4200 with a two probe resistor set up in atmospheric conditions. The total 
resistance of the film for each contact separation was calculated by performing two contact IV 
measurements for a -10 to 10 V bias sweep and calculating the inverse of the gradient. The total 
resistances were then plotted against contact separation to calculate sheet resistance. An example 
of this process for the ODA-SWCNT-3.6 thin film is shown in Figure 6.5.
G = R^W
2 x 1 0 ®
0
0 2 4 6 8 10 12
Channel length (mm)
Figure 6.5: Total resistance vs. Contact separation plot for a CNT film annealed at 250°C for 
240 minutes (ODA-SWCNT-3.6). Where Rc= Contact resistance, Rs= Sheet resistance, G= gradient, 
W= contact width and 1= Intercept.
Figure 6 .6 A shows the change in sheet resistance (as calculated by equation 3.7) as a function of 
anneal time for the thin films of ODA-SWCNT described in table 6.1. There is very little reduction in 
sheet resistance for the sample annealed at 150°C (ODA-SWCNT-1 series) suggesting that this is
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below the activation temperature for the process that leads to an improvement in the sample 
conductivity.
Both the 200 and 250°C samples display a large reduction in sheet resistance of almost 5 orders of 
magnitude between 0 and 180 minutes of annealing. The 200°C annealed samples (ODA-SWCNT-2 
series) show a sharper decline in sheet resistance up to 180 minutes where it increases back to 
above the 250°C samples (ODA-SWCNT-3 series). This effect is close the overlap of the standard 
deviation error of these two sample sets, suggesting that variance in the measurement sets may be 
responsible. The general trend of the 200 and 250°C sample sets is of a sharp decline in sheet 
resistance followed by a steadier drop tending towards a maximum conductivity. This trend is 
consistent with a high mass loss observed by TGA analysis discussed in section 6.5, and can be 
associated with the loss of solubilising side groups from the tube edges as this loss of functional 
groups would be rapid at first followed by a slower loss of material. The lowering of the rate of 
change in sheet resistance is also consistent with functional group loss as the groups that would 
survive for longer are likely to be bonded at more favourable bonding sites and so require more 
energy per bond to remove.
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Figure 6.6: (A) Sheet resistance versus anneal time for amine functionalised SWCNT films treated at 
temperatures of 150, 200 and 250°C under nitrogen. (B) Sheet resistance versus anneal time for 
amine functionalised DWCNT treated at 250°C under nitrogen
The sheet resistance analysis was also performed on the ODA-DWCNT series of samples, which were 
annealed at 250°C. The relationship between sheet resistance and anneal time for these samples is 
presented in Figure 6 .6 B. The general shape of the trend in this plot is similar to the 250°C annealed 
ODA-SWCNT samples. However, the un-annealed ODA-DWCNT-1.0 sample's sheet resistance of
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SxlO'  ^Q/square is far lower than that of the ODA-SWCNT-1.0 film, and is actually close to the lowest 
sheet resistance for ODA-SWCNT films. The final change in sheet resistance for ODA-DWCNT films is 
smaller at only two orders of magnitude. The lower starting sheet resistance is expected as the ODA- 
DWCNT samples are expected to contain only metallic CNTs. The smaller ratio of sheet resistance for 
annealed against untreated samples could be due to the fact that functionalisation is a surface 
process. This means that in a DWCNT where the second tube is isolated from the surface, only half 
of the tube material will see any benefit from the defunctionalisation or further processes such as 
defect healing.
Despite the large ratio of the sheet resistance for annealed vs untreated samples of ODA-SWCNT 
films they still do not match the conductivity of commercial ITO samples or leading CNT thin film 
devices. However, the use of DWCNT films that are purely metallic with this method allows the sheet 
resistance to compete with other CNT thin film technologies. With the use of isolated metallic 
SWCNT the conductivity could potentially be improved even further due to the higher proportion of 
surface material to be effected by the functionalisation process.
6.5 Thermal and spectroscopic analysis
To investigate the cause of the conductivity increase in the amine functionalised SWCNT films 
thermo gravimetric analysis (TGA) was performed on a sample of dry ODA-SWCNTs. This 
measurement was performed to obtain information on the change in the constituents of the 
material as its temperature increased. As was explained in section 3.3.1, there are two types of 
analysis for TGA scans. The first is the measured weight versus temperature scan, which allows 
analysis of the total mass lost for a given temperature range. The second is the calculated derivative 
weight loss, which gives the rate of mass loss for a temperature range. Figure 6.7 shows the weight 
loss and derivative weight loss of a sample of ODA-SWCNT with respect to temperature. The 
derivative mass loss shows two main peaks suggesting two ranges of activity in the thermal 
decomposition of the material. Notably, TGA analysis of un-functionalised pristine SWCNTs shows no 
mass loss in temperature range up to 600°C[13]. The first increase of mass loss for ODA-SWCNT 
starts at about 200°C and there is a second peak at 340°C; this suggests that there is an initial loss of 
material between 200 and 340°C followed by the second loss of a material from 340°C upwards.
The assay provided by the suppliers shows that ODA-CNT are known to contain 40 % ODA by weight, 
which is equal to the weight loss within the bounds of the derivative weight peak. This agrees well 
with previous studies of ODA-CNT under heating[14]. So, from these results it can be inferred that 
the defunctionalisation of CNT is responsible for the loss of mass when ODA-CNT were annealed
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within the temperature boundaries described above. Additional evidence of functional group 
removal are presented in section 6.5, including FTIR analysis and the dramatic reduction in solubility 
of annealed ODA-CNT layers.
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Figure 6.7: TGA scan of amine functionalised CNT showing weight loss (black) and calculated 
derivative weight loss (blue). The first peak of derivative weight loss (dark grey region) sits around 
the annealing temperature used in the previous section suggesting the loss of functional groups. The 
rest of the mass loss (light grey region) accounts for the mass of the functional groups suggesting 
that they are not immediately destroyed on defunctionalisation.
To better understand the chemical process of the loss of mass and decrease in sheet resistance, FTIR 
analysis was conducted on a series of samples annealed at 250°C. Figure 6 .8 A shows the as 
measured FTIR spectra of ODA-CNT films (produced as described in section 6.3) with a series of 
different anneal times and the spectrum of pure ODA for reference. Peaks were identified against 
the ODA reference spectrum and from previous analysis of amine functional groups on carbon 
systems by FTIR spectroscopy [15]. The general trend of change between anneal times in Figure 6 .8 A 
is for the reduction of intensity for all absorption peaks associated with the ODA functional group 
suggesting the loss of these functional groups from the ODA-CNT film. Figure 6 .8 B shows a 
normalised view of the characteristic NFI bend peak region. The NH bend peak seen in free ODA at 
1585 cm'^ becomes broadened into several overlapping peaks in an un-annealed ODA-CNT that 
relate to the increased distortions in the possible NH bond position. There is also the addition of a 
small C=0 stretch peak at 1651 cm'^ in the centre of this overlapping region that is associated with 
the bonding of the ODA molecule to the CNT by an acid functionalisation step (see Fig. 6.1A). The 
small changes in the C=0 stretch and NH bend peaks between different annealing times suggest that
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this is the site of the defunctionalisation process. As the defunctionalisation process reduces the 
amount of deformation in amine and carbonyl bonds.
5
ào0
1
I
Anneal time (min) 
240
1585 cm
A n n e a l tim e  (m in )
R 1 .0 -
^  0.8 -
=  0.6
E 0.4-
A m id e  &  c a rb o n y l g ro u p s
1651 cm
500 1000 1500 2000 2500 3000 3500 4000 4500
W a v e n u m b e r ( a n ' ) Wavenumber (cm )
Figure 6 .8 : FTIR analysis of ODA-CNT with anneal times between 0 and 240 minutes at 250°C. (A) The 
assignation of peaks for ODA in comparison with increasing annealing time. (B) Normalised view of 
the NH and C=0 shifted region showing the narrowing of the 1590 cm'^ peak and the fluctuation of 
the 1651 cm'^ peak. (C) Enlarged region of amine functional groups showing a schematic of the 
molecular structure with NH and C=0 bond labelled.
The FTIR data suggests that there is bond breaking around the CN bond in the functional group (see 
Fig. 6 .8 ). Due to this effect the interaction of CNT films with solvents is expected to change. The 
addition of ODA functional groups allows the dissolution of CNT in solvents such as toluene and so
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the removal of the ODA group should have the opposite effect. As a basic test of the 
defunctionalisation of SWCNT films, toluene was washed over the substrate surface and the films 
were re-analysed for their electronic properties. The unannealed film showed an increase of sheet 
resistance from this process where the 270 minute annealed film showed no change in its electronic 
properties, further confirming the theory of the loss of functional groups. The removal of functional 
groups at the CN bon site would leave the double bonded carbon oxygen functionalisation with a 
free bond at the defect site (see Fig. 6 .8 C). This is a situation similar to that suggested in the 
disproportionation with carbon monoxide defect healing m ethod[ll] and so could lead to the 
healing of defects.
To establish whether the CNT wall structure is improved by the annealing process a Raman analysis 
was performed on the samples previously analysed by FTIR. As introduced in section 3.2.4, in Raman 
spectroscopy of CNTs the defect concentration in a particular sample can be inferred from the D/G 
peak ratio[16]. The and G peaks are produced as a product of hexagonally bonded carbon atoms 
in a CNT structure with a dependence on the diameter and chirality of tubes. Conversely, the D peak 
is produced by non-hexagonally bonded carbon atoms and so gives a representation of the amount 
of non-CNT carbon in the sample.
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Figure 6.9: Raman spectra of 250°C annealed samples for treatment times between 0 and 240 
minutes. The G to D peak ratio suddenly drops between 120 and 180 minutes annealing time 
suggesting an improvement in the graphitic structure of the CNT walls. There is also a strong G 
shoulder which is a measure of the presence of semiconducting CNT.
The samples produced for spectroscopy were analysed with the use of Raman spectroscopy and the 
results are presented in Figure 6.9. The change in D/G peak ratio was negligible between 0 and 120 
minutes anneal at 250°C with all ratios sitting at 0.13 ±0.01. However, the samples display a sudden
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drop in D/G peak ratio to 0.07 ±0.01 between 120 and 180 minutes. This is in line with a defect 
healing effect occurring between 2 and 3 hours of annealing. This result fits well with the decrease in 
sheet resistance shown in Figure 6.6 and the trend of changing FTIR peaks seen in Figure 6.7.
6.6 Defect healing mechanisms
The FTIR and Raman analysis of annealed ODA-CNT samples shows that they undergo a loss of 
functional groups and defect healing due to the annealing process. Due to the information obtained 
from FTIR analysis (Fig. 6.8) there is evidence of the defunctionalisation process occurring around 
the nitrogen atom in the amine functional group. This means that there are two possible positions 
for the functional group to break. The first is on the CNT side of the amine bond, which leaves 
carbon monoxide groups bonded to the side wall (Fig. 6.10B). The second position is on the alkyl chin 
side of the amine group, which leaves an amide group on the side wall (Fig. 6.11). The existence of 
carbon monoxide groups on the surface in the first case and the tendency for functional groups to 
bond at defect sites leads to the speculation of a defect healing route similar to that seen in carbon 
monoxide disproportionation.
Carbon monoxide disproportionation is a well understood defect healing process that is generally 
performed under a high temperature and pressure carbon monoxide atmosphere [11] for the 
healing of vacancy defects. High temperatures and pressure are required to encourage carbon 
monoxide molecules in the atmosphere of these systems to be adsorbed onto the CNT surface 
before migrating to defect sites. However, the defunctionalisation process seen in this chapter 
means that these extreme conditions are no longer needed to ensure carbon monoxide groups bond 
in the desired position. This is because the defunctionalisation process has been shown by FTIR to 
remove functional groups at the amine bonds leaving a carbon monoxide (CO) group on the 
functionalisation site.
A proposed scheme for carbon monoxide disproportionation leading to CNT defect healing in our 
samples is shown in Figure 6.10 below. The route to defect healing starts with the removal of the 
amine functional groups to leave carbon monoxide groups on the surface as described above. If 
there are two of these groups around a vacancy defect site they can co-absorb to create a carbon 
bridge across the vacancy. At this point one of the carbon atoms can be donated to the graphene 
lattice allowing for the healing of the defect and a side group composed of a carbon and two oxygen 
atoms. The side group is more stable as an independent molecule and so is then released as carbon 
dioxide.
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Figure 6.10: Proposed scheme of the vacancy defect healing process during ODA-CNT annealing at 
250°C. Carbon=dark grey; Hydrogen = light grey; Oxygen = red; Nitrogen = blue. A) ODA functional 
groups at a vacancy defect site on a carbon nanotube. B) Amine chains decompose under heating. C) 
Oxygen group bridges gap. D) Carbon atoms across the vacancy are brought into close enough 
proximity to bond. E) Oxygen- sidewall carbon bond breaks. F) CO2 molecule released leaving a 
pristine CNT.
In the case of a non-hexagonal ring defect the carbon monoxide healing route would not be suitable 
due to the lack of a vacancy in the CNT wall to accept a carbon atom. However, as explained in 
section 2.5.2 the non-hexagonal ring has relatively low activation energy to be returned to a 
hexagonal structure due to its non-optimal geometry. As such the route to healing a 7-5 non- 
hexagonal bond just requires that the seven membered ring be deformed to bring the more optimal 
hexagonal structure into a small enough distance to allow the bond to flip back into place. As such 
we suggest that this operation can be performed by the formation of a small ring group similar to a 
succinimide forming over the seven membered ring [17]. A succinimide group (C4H5NO2) is a cyclic 
imide with two double bonded oxygen atoms at the 1 and 4 sites. With the excess nitrogen in the 
annealing chamber this group can form over a defect site from functional group decomposition. The 
distortion this causes in the molecular structure of the CNT walls can then bring the flipped bond of 
the 7,5 defect to return to its correct lattice position. A proposed scheme for this mechanism is 
shown in Figure 6.11.
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Figure 6.11: A proposed Succinimide formation route to healing non-hexagonal ring defects. A) 
functional groups are lost on the alkyl chain side of the functionalisation. B) two groups join over the 
7 membered defect ring to form a chain with the central atom of nitrogen. C) the bottom of the 
chain formed in B bonds to form a Succinimide group. D) the alteration in bond lengths around the 
seven membered ring allows the defective bond to flip back to the hexagonal ring formation. E) 
Succinimide group breaks down to release a healed defect and by-products of ammonia and carbon 
monoxide.
In this section two possible chemical mechanisms for the healing of defects on CNT sidewalls from 
the defunctionalisation process outlined in this chapter have been presented. Further investigation 
is required to prove that these mechanisms are responsible for the improvements shown in the 
Raman spectra of Figure 6.9 and the sheet resistance of Figure 6.6. The analysis of the output gas 
from the TGA by mass spectrometry would allow for the materials lost to be identified, which would 
show what was left on the tube walls to act as catalyst for the healing of defects. Molecular 
modelling of the process could also be performed to show the energetic favourability of 
intermediate states in these reactions.
6.7 Summary
This chapter has shown solution-based deposition process for thin transparent CNT film formation 
involving CNT defunctionalisation step and nanotube defect healing. The process dramatically 
improves the conduction properties of SWCNT films, with a decrease in sheet resistance from
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3x10^^ to 3 X10  ^Q/square. This effect has been also demonstrated with in-house functionalised 
DWCNT films, where even lower sheet resistance of 9 x 10  ^Q/square has been achieved. Overall, 
these films demonstrated a decrease in sheet resistance from 5 x 10  ^to 9 x 10  ^Q/square following 
de-functionalisation and defect healing procedure. Thermo gravimetric analysis and FTIR 
spectroscopy have been used to investigate the mechanism of this change and the removal of 
functional groups seems to be a likely cause. The FTIR analysis has shown an alteration in the 
bonding around the amine and carbonyl groups on the functional group for the annealed samples. 
TGA has shown further evidence of de-functionalisation, where the loss of a mass equal to that of 
the loading weight of functional groups is observed within the temperature range of the annealing 
process. Further to these results, Raman analysis has shown the decrease of D/G ratio from 0.14 to 
0.07, which is a strong indicator of defect healing in CNTs. Defect healing mechanisms have been 
proposed for vacancy and non-hexagonal ring defects, based on the FTIR and Raman data.
The sheet resistance of annealed ODA-SWCNT films is still high in comparison to previous values for 
metallic SWCNT films [2,3]. This is most likely due to the use of a mixed sample of metallic and 
semiconducting tubes for this research, as the inclusion of semiconducting CNT in a layer has been 
shown to increase the resistance at the CNT interfaces and so decrease the film's conductivity. 
However, at 9x10^ Q/square the DWCNT films have sheet resistances as well as transparencies that 
exceed the target sheet resistance for this system from the literature (2x10^ (^/square, 90 % 
transmittance [3]).
As the removal of functional groups is believed to be responsible for defect healing and the 
improvements of conductivity the lower effect of the anneal process on ODA-DWCNT thin films is 
suggested to be due to the reduction in surface carbon. This is because functionalisation is a surface 
process that only affects the outer tube and so only defects in the outer tube will be catalysed for 
healing. Due to these reasons it has also been suggested that if metallic SWCNT were isolated and 
functionalised with amide groups then the monolayer sheet resistance could potentially be reduced 
further.
This method of low temperature annealing opens the way for in-situ defect healing on CNT, which 
would make it ideal as a part of printed electronic processes. In a roll to roll printing system the 
anneal process could potentially be performed at a step after deposition. The substrate roll could be 
passed through a rapid heating system such as a laser heating module, which could potentially 
dramatically speed up the defunctionalisation process. This would allow for a quick and cheap 
system for depositing electrodes, which have a transparency higher than that of ITO and (with
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isolated metallic CNT) also a comparable conductivity. These properties would be most desirable for 
photovoltaic and flexible display applications.
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7. Summary and conclusions
In the previous three chapters the details of experimentation performed as a part of this project has 
been outlined and its results analysed. The objective of this final chapter is to present a synopsis of 
the aims of this project and then summarise the key results from the experimental chapters in 
relation to the objectives. Following this summary, some possible areas of further work to expand 
and improve on the results presented in this thesis will be outlined.
7.1 Relevance to the Aims of this project
This project aimed to address two main research directions into self assembly for electronic devices. 
The first one was in the use of liquid crystalline conjugated reactive mesogen (RM) materials to 
create self aligning, patternable films for conducting layers and semiconducting electronic devices. 
The second direction was involved in the investigation of solution processing of CNT films followed 
by the defunctionalisation step and defect healing of carbon nanotubes (CNTs) leading to a dramatic 
increase in film conductivity.
The research into CNT-RM composites was focussed on the use of the class of conjugated 
oligofluorene reactive mesogens initially developed at the University of Bayreuth [1] for the creation 
of nanomaterial composites. Previous research into CNT-RM composites had only investigated the 
use of insulating RMs and the creation of metallic composites [2-4]. This work firstly aimed to 
expand the field with the inclusion of semiconducting RMs to conducting CNT composites, with a 
focus on reducing the potential barriers between CNT in the film. Secondly, this work aimed for the 
fabrication of entirely semiconducting CNT-RM composite films that would be used for the active 
region in field effect transistor devices.
The investigation into functionalised CNTs aimed to find possible applications of solution processing 
techniques for amine functionalised CNT systems in the production of transparent, conducting CNT 
films. The choice of amine functionalised CNTs allowed for the use of an annealing process that was 
shown to have a strong effect on the conducting properties of solution deposited films. In particular 
the study aimed to find the optimum parameters for improved conductivity, the causes of the effect 
and the mechanism of the process. This optimisation resulted in one of the highest conductivity and 
transparency solution processed CNT layers seen in the field to date.
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7.2 Summary of results
7.2.1 Reactive mesogen composites
Chapters 4 and 5 outlined the synthesis and testing of oligofluorene based RMs and the use of those 
materials to make composites with metallic and semiconducting single walled carbon nanotubes 
(SWCNTs). The synthesis was performed in collaboration with Peter Strohrigl's group at the 
University of Bayreuth and produced two different mesogen materials. These materials were based 
on the same fluorene oligomer with different side chains. The first type (DlOO) were the RM 
materials described in previous work by Peter Strohrigl's group [1,5,6], which were used for the 
production of composites with SWCNTs. The second type (MaS21) had non-reactive side chains and 
were designed for the testing of phase change properties and chemical structure without the 
interference of undesired thermal crosslinking.
The RM materials chemical structure was confirmed by H-NMR analysis and gel permeation 
chromatography. The final product was shown to be an average of 7 monomer long oligomers with 
heterogeneous side chains. The liquid crystalline and crosslinking properties of the RMs were tested 
by differential scanning calorimetry, polarised optical microscopy and fluorescence microscopy and 
spectroscopy. The materials were shown to exhibit a nematic phase between 62 and 132°C, which 
decreased to 55 and 125°C when up to 1 %wt CNTs were added. Film patterning by crosslinking has 
been achieved with pure DlOO RM films with resolutions down to 10 pm for UV crosslinking 
techniques with photoinitiators. The resolution of crosslinking techniques has been shown to 
increase to produce feature sizes as low as 1 pm by the use of electron beam crosslinking, which has 
never been performed on reactive mesogen materials before.
Composite films were produced by combining DlOO RMs with amine functionalised metallic SWCNTs 
and un-functionalised semiconducting SWCNTs. These films were used for the production of metallic 
films and semiconducting devices. An improvement in their electronic properties has been shown 
over equivalent individual RM and CNT films. The conducting films show an improvement in 
conductivity of three orders of magnitude over disordered CNT (increasing from 9x10"  ^S/m to 
0.1 S/m) and a reduction in conductivity when the length scales increase beyond 5 pm. The 
conductivity of these metallic films has been shown to be better than previously published results in 
the field of RM-CNT composites. For example, R Cervini et al. produced dip coated insulating RM- 
MWCNT composite films. These films were shown to induce alignment of the CNTs and produced 
conductivities of 5x10  ^S/m over 1.5 mm contact separations [2].
The semiconducting films have shown a similar three orders of magnitude increase in device charge 
carrier mobility (for holes), and have also shown a great improvement in the failure rate of the
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device fabrication process. This is the first time that semiconducting devices such as FETs have been 
fabricated from CNT-RM composites and has shown the potential of these materials for printed self- 
assembly device systems.
7.2.2 Defunctionalisation of amine functionalised carbon nanotubes
Evidence for a simple annealing process that improves the conductivity of SWCNT and DWCNT films
has been outlined. The improvement in SWCNT films was shown to be very large, decreasing the
sheet resistance of films from 10^° to 10  ^f^/square. Even lower sheet resistance was obtained with
DWCNT using a similar procedure, for which the resistance dropped from 5x10"^  to 9x10^ fl/square.
It has been shown that the effect of conductivity improvement is related to the removal of
functional groups as shown by thermo gravimetric analysis (TGA) and infra red spectroscopy. It has
also been inferred from Raman analysis that this defunctionalisation is followed by defect healing
along the CNT walls. These results explained the difference in sheet resistance improvement
between SWCNTs and DWCNTs as the suggested cause of improvements was a surface process that
would not affect the inner tube of DWCNTs. The sheet resistance of annealed SWCNT films is still
high in comparison to other technology using metallic SWCNTs [7]; this is most likely due to the use
of a mixed sample of metallic and semiconducting tubes for this research. The inclusion of
semiconducting CNT in a layer has been shown to increase the resistance at the contact interface
and so decrease the conductivity of the sample. The conductivity values obtained for DWCNT films
are in line with the solution processed CNT films produced in previous studies of around
9x10^ Ü/square with transparency of 90 to 95 % [8].
The temperatures used for the defunctionalisation process presented in Chapter 6 are between 200 
and 250°C. This is a quarter of the temperature used in similar defect healing mechanisms [9,10] and 
is low enough to be used in hardier plastic substrate printing systems. The transmittance of films 
over the entire optical and near ultraviolet range wavelength is over 90 % which is advantageous for 
applications in the fields of organic photovoltaic devices and displays.
7.3 Continuing research
There are several areas in which the work presented in this thesis can be expanded upon. The first 
aspect that could be used to improve all parts of this project is the development of an efficient and 
cost effective route for the isolation of semiconducting and metallic SWCNTs. As was outlined in 
section 2.5.4 there are many different techniques for separation. For the isolation of metallic tubes 
some of these techniques can reach high enough purities to make the effect of semiconducting 
tubes negligible. However, for semiconducting SWCNT the only techniques that allow for large
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enough purity to completely remove leakage effects are highly destructive or labour intensive and 
therefore prohibitively expensive [11]. With the use of a supply of highly pure semiconducting CNTs 
the off currents for the devices presented in Chapter 5 could be vastly reduced.
7.3.1 Reactive mesogen -  nanomaterial composites
The research with composites outlined in Chapters 4 and 5 was performed using small synthesis 
samples of the reactive mesogen materials. If further work on these material systems were to be 
performed then a larger scale synthesis method would need to be optimised. The biggest challenge 
in the up-scaling of the synthesis process would be the space and volume requirements of the 
process. Currently, reaction vessels of up to one litre are needed to produce DlOO in 250 mg 
quantities; which equates to 7 ml of composite ink. Larger scale synthesis would allow for more in 
depth investigation of the effects of changing composite composition and parameters by destructive 
methods such as thermo gravimetric analysis and mass spectroscopy.
Expanding upon the extended work suggested in the introduction to this section, further work could 
be performed on designing the chemical structure and geometry of the reactive mesogen material 
to selectively wrap certain CNT chirality. This would allow for separation of CNTs by the same 
method as used with other wrapping techniques such as DNA sorting [12,13]. As the wrapping 
material would also be a reactive mesogen liquid crystal, the separated single chirality CNT 
composite sample could be aligned and crosslinked with no further purification. This would be a 
great step in the simplification of pre-processing for solution deposited CNT devices.
A further route for the extension of the scope of this project is the application of the RM material 
composite system to different nanomaterials. Recently, for example, silver nanowires have been 
widely feted for their excellent conductivity and high transparency for conducting layers 
applications [14]. If these properties could be combined with the alignment and patterning 
properties of RMs then the resultant films could have conductivities that rivalled current transparent 
technologies. In the field of semiconducting composite films, changes in the semiconducting 
nanomaterial could be highly beneficial. There are many different organic and inorganic nanowires 
and tubes that have applications ranging from particulate sensing to photo emission that would 
benefit from the fabrication reliability and conductivity improvement brought by RM composites.
7.3.2 Carbon nanotube defunctionalisation
The results presented in Chapter 6 regarding the production of defunctionalised SWCNT films at low 
temperatures show some very promising aspects. There a three main areas for continued research 
in this part of the project. The first area is the theoretical and chemical investigation of the exact 
mechanism of defunctionalisation and defect healing. The second and third areas regard the use of
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different types of CNTs with this technique to improve on the properties of the films already 
displayed and on the properties of semiconducting CNTs.
Theoretical investigation can be used to further elaborate on the energetic favourability of different 
possible chemical mechanisms for defunctionalisation and healing of defects on the CNT surface. 
The use of techniques such as TGA -  mass spectroscopy would allow further information about the 
specific groups lost at each temperature range in the TGA scan to be added to the picture of the 
chemical interactions during annealing.
The defunctionalisation technique could also be extended to further types of SWCNT. If metallic 
SWCNT could be isolated, as mentioned at the beginning of this section, then the amount of 
conducting pathways in a CNT mat could be increased. As such this could further decrease the sheet 
resistance displayed by the CNT mats and so reach the point where this technique could become a 
practical contender for current transparent contact technology. Conversely, this same technique 
could be used with isolated semiconducting SWCNTs to create CNT transistor and sensor devices 
with higher than usual charge carrier mobility and chemical sensitivity.
7.4 List of presentations and publications
The following is a chronological list of presentations and publications produced as a direct result of 
research produced for this project.
• "Liquid crystal -  nanomaterial composites for printing applications". Oral presentation, 
Doctoral training centre mini projects presentations, 2010, Guildford, UK
"Photopatterning of carbon nanotube -  liquid crystal composites", Poster presentation. 
Post-graduate research conference, 2011, Guildford, UK
"Synthesis of organic liquid crystals at the ATI", Oral presentation, Nanoeiectronics centre 
meeting, 2011, Guildford, UK
"Self-assembled alignment - Proving the point". Oral presentation, Nanoeiectronics centre 
meeting, 2012, Guildford, UK
"Self assembly alignment of nanotubes and wires for solution printing techniques". Poster 
presentation, AT/ open day, 2012, Guildford, UK
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• "Self assembly alignment of nanotubes and wires", Poster presentation, NPL, Hybrid 
organic-inorganic nanomateriais fo r functional devices: processing and metrology meeting, 
2012, Teddington, UK
• "Solution processable transparent conducting tracks by the de-functionalisation of amine 
functionalised carbon nanotubes". Oral presentation, 10th international Conference on 
Nanosciences and Nanotechnologies, 2013, Thessaloniki, Greece
"Carbon nanotube films as a contact material for printed organic photovoltaic devices". 
Poster presentation, 12th European Conference on Molecular Electronics, 2013, London, UK
J.W. Dear, C.G. Poll, K.T. Lai, and M. Shkunov, "Solution processable transparent conducting 
tracks by defunctionalisation of amine functionalised carbon nanotubes", Curr. App. Phys. 
[Under review, submitted 11.2013]
J.W. Dear, M.A. Schuberth, E. Scheler, P. StrohrigI, and M. Shkunov, "Aligning oligofluorene -  
carbon nanotube composites for thin film electronic devices". Nanotechnology [To be 
submitted]
J.W. Dear, R. ElZein, E. Scheler, P. StrohrigI, and M. Shkunov, "Supramolecular assemblies for 
Organic nano-rods, nano-ribbons, and nano-dots", Macromoiecuiar Symposia [To be 
submitted]
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Appendix A -  UV-Visible spectra of composite materiais
The following figures give example UV-Vis absorption spectra for the carbon nanotubes and reactive 
mesogens used in Chapter 5 and further polarised absorption scans performed by the same methods 
as those in Figure 5.4.
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Figure A l: DlOO and SWCNT absorption spectra
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Figure A2: Transparency of a 500 nm thick SWCNT-DIOO composite film on a PI coated glass 
substrate
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Figure A3: Polarised UV-Vis absorption spectra of aligned CNT-DIOO films and 0 and 90 degrees 
between alignment direction and polarisation.
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Appendix B -  AFM of CNT-RM films
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Figure Bl: AFM Images of CNT-RM thin films with nanotube features labelled by numbered lines. 
Material types identified by names outlined in table 5.2. A,B) Aligned Cmet-AI, rubbing direction given 
by black arrows; C,D) unaligned Cmet-UAI.
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Figure 82: Distribution of CNT angle for all 147 CNTs measured by AFM. The average angle is 0.9° 
from the alignment direction and the spread of angles is 32°.
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Appendix C -  CNT properties
Lengths, diameters and bundle sizes of CNT materials used in this work were taken from supplier 
data sheets and confirmed by SEM, AFM and Raman spectroscopy. Below are examples of these 
results for the CNT materials used in Chapter 5 and 6.
Amine functionalised SWCNT supplied by Sigma-Aidrich (652482):
The supplier's datasheet for these SWCNTs claims 80-90% carbon purity, lengths of between 500 
and 2000 nm and diameters of 0.6-2 nm. These parameters were checked by Raman spectroscopy 
and SEM as shown in the following figures.
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Figure Cl: RBM peak from Raman analysis of Amine functionalized CNT. The borders of this peak 
show SWCNT diameters between 0.65 and 0.8 nm.
Figure C2: SEM images of a mat of ODA functionalised SWCNT. A) 2 pm scale view showing 
aggregations of up to 0.75 pm. B) 1 pm and C) 0.5 pm scale views showing CNT lengths of between 
0.5 and 1 pm.
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Isolated (7,6) semiconducting SWCNT supplied by Sigma-Aldrich (704121):
The supplier's datasheet for these SWCNTs claims 90% carbon purity, lengths of between 300 and 
2300 nm and diameters of 0.7-1.1 nm. These parameters were checked by Raman spectroscopy and 
SEM as shown in the following figures.
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Figure C3: Raman RBM peaks for isolated (7,6) chirality SWCNTs. Showing two peaks (163 and 
173 cm'^) attributed to small diameter (0.6 and 0.7 nm) semiconducting tubes and a third peak 
(255 cm'^) attributed to larger diameter (1.1 nm) metallic tubes.
Figure C4: SEM images showing a spin coated mat of isolated (7,6) chirality SWCNTs. A) Wide area 
image showing clumped masses of CNT up to 1 pm in size. B and C) 500 nm scale images showing 
clumped CNTs with lengths between 0.25 and 2 pm.
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